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ABSTRACT 

Many CNS depressants block excitability by inhibiting the specific 
increase of Na’ conductance which normally follows depolarization of 
the membrane. Some drugs like general anesthetics (steroid anesthetics 
excluded), act pharmacologically by altering membrane function in a 
diffuse, nonspecific fashion, as is suggested by the lack of rigorous 
structural requirements for their actions. There is also evidence to 
suggest that other depressants like the opiates, act at cells that 
contain specific ‘receptors' for these drugs. The purpose of the 
present investigation was to investigate the nature, specificity and 
sensitivity of the opiate receptor on frog sartorius muscle by study- 
ing the interactions of a variety of opiates and other depressants on 
these proposed opiate receptors. Isolated sartorius muscles of Rana 
pipiens were used to investigate the effects of morphine, methadone, 
propoxyphene, meperidine, naloxone, naltrexone, dextromethorphan, 
tetrodotoxin and procaine on certain features of the active muscle 
membrane, using extracellular electrode and intracellular microelect- 
rode techniques. 

Studies with extracellular electrodes showed that application of 
all the aforementioned drugs decreased both the amplitude of the com- 
pound action potential and the excitability of the muscle fibres. With 
all the drugs, the depressed responses were reversed to the control 
levels when the preparation was returned to Ringer's solution. 

The maximum rate of rise of the action potential was decreased 
by all the opiate agonists. This effect was antagonized for all the 
opiate agonists by having present concurrently in the bathing medium, 


low concentrations of naloxone or naltrexone. The resting potential 
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remained essentially unchanged in the drug-tested muscles. 

Opiate antagonists did not antagonize the non-specific action po- 
tential depression produced by dextromethorphan, procaine, or tetro- 
dotoxin. 

Subsequent studies with intracellular microelectrodes showed that 
methadone, morphine and propoxyphene HC1 block action potential pro- 
duction by two mechanisms, i.e. there is a biphasic time course for 
the decline in the maximum rate of rise of the action potentials: 

(i) a non-specific mechanism in which the increase in sodium conduct- 
ance (gNa) and in potassium conductance (GK) are depressed and (ii) 
an opiate drug receptor-mediated mechanism, causing a specific depres- 
Sion of GNa. Low, antagonistic concentrations of opiate antagonists 
could antagonize only the effects produced by the second mechanism 
blipe 

An explanation for the time course of the second phase of the bi- 
phasic depression, is that the receptor sites for the opiates under 
investigation are located on the inner surface of the plasma membrane 
and that the opiate molecules attached to these receptor sites are in 
equilibrium with the opiate concentration in the sarcoplasm. 

Higher agonistic naloxone and naltrexone concentrations (~1073M) 
inhibited the maximum rate of rise in a monophasic fashion. Only the 
depressant effect of naloxone could be antagonized by concomitantly 
employing antagonistic concentrations of naltrexone. 

External sodium acted in a competitive fashion to antagonize the 
action potential depression produced by the drugs studied in this 
study. This investigation has furnished evidence that opiates exert 


their effects on frog sartorius muscle via interaction with opiate 
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receptors. The results also suggest that in this system, naloxone 
behaves as a partial agonist with a low intrinsic activity. However, 
this does not invalidate the concept that most CNS depressants act by 
inhibiting the sodium conductivity because this inhibition could occur 
as a consequence of or subsequent to the interaction of opiates with 
their "receptors". 

The overall impression gained from the results of this investi- 
gation is that there are opiate drug receptors located on the inner 
surface of the muscle membrane associated with the “sodium channels" 
and that drug activation of these receptors interferes with the 
opening of the “sodium channels" normally produced by sufficient 


membrane depolarization. 
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I. INTRODUCTION 

To understand the cellular mechanisms underlying excitability 
depression in skeletal muscle produced by central nervous system (CNS) 
depressants it is necessary to have an understanding of the events that 
determine muscle impulse initiation and propagation. Hence this intro- 
duction focuses first on muscle cellular electrophysiology and second 
discusses those pertinent reports that have led to our present concepts 
of the electrophysiological mechanisms of action of some CNS depressants. 
The Resting Potential 

The cell membrane which exhibits differential permeability (1) is 
relatively impermeable to most organic compounds (particularly those of 
high molecular weight, e.g. proteins) and certain other inorganic ions. 
This differential permeability leads to a characteristic ion distribu- 
tion; the inside of the cell contains a high concentration of proteins 
(which cannot readily get out of the cell because of their large size) 
and potassium Tene The extracellular space, contains a high concen- 
tration of sodium (Na*) andecntionides(Glm )ions# (2203): ealnts- partic- 
ular distribution of K’ and Na’ is due, in part, to the differential 
permeability of the cell membrane and in part to the presence in the 
membrane of machinery (e.g. the Na-K pump) for actively transporting 
ions across the membrane (4, 5). 

The ion distribution just described and the properties of the mem- 
brane itself produce an electrochemical gradient across the cell mem- 
brane. This electrochemical gradient creates an electrical potential 
difference between the inside and outside of the cell. This potential 
is called the Resting Potential. It is approximately 85-95 mV for frog 


skeletal muscle, with the inside of the cell electrically negative with 
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respect to the outside. This transmembrane potential is largely the 
result of a potassium ion concentration gradient maintained across the 
cell membrane by active transport involving the enzyme sodium-potassium 
activated ATPase. 

The resting membrane has a high electrical resistance (6) and is 
relatively impermeable to sodium and potassium ions. Since its low 
ionic permeability is mainly accounted for by transmembrane movement of 
Kt and C17, the resting membrane potential is relatively close to the 
equilibrium potential for these ions (3, 7). 

The Action Potential 

Muscle cells and neurons exhibit additional properties that cause | 
them to be referred to as "excitable". The resting potential of such 
cells is "unstable" under certain conditions. If such a cell is made 
to depolarize (resting membrane potential decreased towards zero) to a 
certain potential level, the so-called ‘threshold potential', a rapid 
phase of depolarization occurs that ultimately reverses the electrical 
potential across the cell membrane so that momentarily the interior of 
the cell becomes positively charged with respect to the exterior sur- 
face of the cell membrane. At the peak of this event, the interior of 
the cell has a positive electrical potential of approximately 40 mV as 
compared to the exterior of the cell in skeletal muscle fibres. This 
is largely a passive process, because of the presence of transmembrane 
electrical and concentration gradients. Degrees of depolarization 
lesser than the threshold potential result only in transient displace- 
ment of membrane potential and not in an action potential. After 
completion of the depolarization phase, repolarization begins and 


during this time, the electrical potential within the cell again 
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becomes progressively more negative with respect to the exterior of the 
cell until such time as the resting potential is re-established (9, 10). 
This whole phenomenon (i.e. depolarization and then repolarization) is 
called the Action Potential and it is unique to excitable cells. 

Once the action potential is initiated, it proceeds "automatical- 
ly" to completion, independently of the properties of the stimulus that 
caused the membrane to depolarize. Thus, it is said to occur in an all- 
or-none fashion. The membrane is inherently refractory for a Lares of 
time following an action potential and cannot be made to generate an- 
other response during this refractory period. The action potential is 
propagated over the entire membrane without decrement and at a finite 
(but high) velocity (8, 11, 12). 

At least since the time of Bernstein (1) action potentials have 
been thought to be associated with transient changes in the structure 
of excitable membranes that allow an increased movement of ions across 
these membranes. The rate and direction of ion movements through ex- 
citable membranes during an action potential are dependent upon the 
electrochemical gradients present across the membranes. The ion move- 
ments occur in milliseconds during action potentials and the net ion 
flux per unit of surface area is higher than the resting flux (12). 
Most investigators, have interpreted data concerning these processes in 
terms of diffusion ion movements through "channels" or pores rather 
than in terms of carrier mechanisms (11, 13, 14, 20, 21, 25). 

Thus, the current view is that the action potential is generated 
by voltage-dependent Na-selective and K-selective channels in excit- 
able membranes and that these channels are probably protein molecules 


imbedded in the membrane whose configuration is dependent on the 
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voltage across the membrane. It is in this manner that the membrane's 
ability to allow certain ions to pass through is altered by changes in 
the membrane potential at any instant in time (11, 14, 21). Sodium 
channels are probably composed of lipoproteins that span the thickness 
of the nerve membrane (234). The inner end of the sodium channel is 
thought to be the location of structures that open and close the chan- 
nel, the so-called "gating functions" (235). Studies with certain 
toxins have given rise to the contention that the resting sodium chan- 
nel and the active sodium channel are distinct entities (236). 

Upon excitation there is an initial increase in the permeability 
of the cell membrane to sodium ions that results in an influx of sodium 
ions from the exterior of the cell membrane to the interior of the ex- 
citable cell. The influx of Na* discharges the membrane capacity and 
so increases depolarization, with a consequent further increase in 
sodium permeability (PNa). If a compensating outward current of ea 
cannot prevent substantial depolarization, the entry of Na* becomes 
self-regenerative and within a millisecond the potential reaches a 
peak of positivity, approaching the equilibrium level for Nae eatihas 
inward movement of Na’ accounts to a large extent for the upstroke or 
the depolarization phase of the action potential (12). 

During the rising phase of the action potential, as it approaches 
its peak, the permeability of the cell membrane to Nat decreases and at 
about the same time but independently, the membrane permeability to po- 
tassium ions increases above its resting level. These two events com- 
bine to bring the membrane potential back to the resting level rapidly. 
The number of ions transported during one action potential is too small 


to modify measurably the concentration difference across the membrane. 
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The spike draws current from adjacent resting areas of excitable mem- 
brane, exciting them and so once initiated, the spike propagates itself 
to the ends of the fibre from the point of initiation. The movement of 
Na’ and K* jons across the cell membrane during the period of excita- 
tion is a passive phenomenon, since both ions are moving down their 
concentration gradients (11, 12). Immediately after repolarization 
there is a slight excess of sodium ions and a slight deficiency of 
potassium ions within the cell. Although the excitation process has 
been completed and the cell is electrically quiescent, sodium ions must 
be extruded from the interior of the cell against a concentration gra- 
dient. This can only be accomplished by an active transport process 
(sodium pump) requiring energy. The energy required to drive the so- 
called sodium pump is derived from the oxidative metabolism of adeno- 
sine triphosphate (ATP). It is believed that the metabolic pump re- 
sponsible for the extrusion of intracellular sodium ions is also respon- 
sible for the transport of potassium ions from the extracellular space 
to the interior of the cell to restore the normal (K) /(K) , ratio across 
the cell membrane (19, 22, 23). However, potassium ions may also return 
_ to the interior of the cell down an electrochemical gradient caused by 
the extrusion of Na’ ions. This would not require an energy expenditure. 

On the basis of the above membrane theory (12) the action poten- 
tial is explained by a cycle of permeability changes in the membrane. 
Action Potential Propagation 

The self-propagating nature of the impulse is due to circular cur- 
rent flow and successive electrotonic depolarizations to the firing 
level of the membrane ahead of the action potential. Once an action 


potential occurs at a given site, currents flow from this site along 
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the inside of the fibre and across the membrane. Current travelling 
Outward across the membrane in areas not yet excited reduces membrane 
potential beyond threshold potential and results in regeneration of 
the action potential. In a skeletal muscle fibre the impulse moves 
along the surface in a nondecremental fashion, i.e. at a constant 
amplitude and with a conduction velocity of 1-10 metres per second. 
The conduction velocities (velocity of propagation) in excitable cells 
are determined by several factors, including the radius of the cells, 
“passive” electrical properties of the membrane (resistance and capa- 
citance), membrane potential, threshold potential and the maximum rate 
of rise and amplitude of the action potential (237). 

Sodium Hypothesis 

While studying the effect of sodium ions on the electrical activ- 
ity of squid giant axon, Hodgkin and Katz (219) demonstrated that: 

(a) replacement of external Na* by sucrose or choline reversibly re- 
duced the size of the action potential and abolished excitation; (b) 
height of the overshoot of the action potential varied linearly with 
the logarithm of the external sodium concentration; and (c) a reduction 
in sodium concentration caused a reversible decrease in the rate of 
rise of the action potential. 

Nastuk and Hodgkin (8) and Desmedt (15) have confirmed the valid- 
ity of the sodium hypothesis for the sartorius muscle of the frog. 
Their results indicate that the magnitude of the action potential and 
overshoot of the spike are also linearly proportional to the logarithm 
of the sodium concentration in the external fluid. 

Hodgkin and Katz (219) predicted that the rate of rise of the 


action potential should be determined by the rate of entrance of sodium 
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into the membrane and to rough approximation, the rate of rise should 
be directly proportional to the external concentration of sodium. Re- 
cently it has been found that about 1% of this 'sodium current' in squid 
axon may be due to the entry of calcium ions (24). The experimental 
findings of Nastuk and Hodgkin (8) and Desmedt (15) with frog skeletal 
muscle showed that the rate of rise of the action potential is likewise 
influenced by the sodium concentration in the bathing medium. This is 
clearly consistent with the idea that the active depolarization of a 
muscle fibre is due to entry of sodium. 

Although the action potential of excitable tissues is invariably 
accompanied by an increase in the conductivity of the membrane, it 


does not always depend on an influx of sodium in all tissues (17, 18). 
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Pr PeERRECTSAORwANES THER ICEDRUGSZON THE NERVOUS <SYSTEM 

"... an anesthetic is not a special poison for 

the nervous system. It anesthetizes all the 
cells, benumbing all the tissues and stopping 
temporarily their irritability ... We can study 
elsewhere than in the central nerve cells, the 
phenomenon which causes this stoppage of action 
and ... It is permissible to assume that some- 
thing similar happens in the nerve cell." 

CLAUDE-BERNARD 

Lecons sur les anesthesiques 

et sur l'asphyxie (1875) 

An important implication of the sodium hypothesis, at least from 
the pharmacological standpoint, is that any agent which interferes with 
the specific increase in sodium permeability of the excitable system, 
will lead to an impairment of excitability in this system. 

The ‘Excitability or Permeability Theory of Narcosis' (26), states 
that in the presence of anesthetic drugs, the cell membrane is modified 
in such a manner that stimulation can not produce the normal rapid in- 
crease in permeability required for the ionic exchanges producing the 
action potential. Thus, anesthetic drugs produce central nervous sys- 
tem (CNS) depression because they interfere with the movement of ions 
necessary for the transmission of the nervous impulses. 

The most general definition of an anesthetic (or more properly a 
local anesthetic) is a drug which when applied directly to the nerve 
or muscle cell, blocks the action potential in a reversible manner 


without appreciably affecting the resting membrane potential of the 


cell (27, 28). According to this definition, a wide variety of 
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lipophilic compounds are anesthetics (i.e. block the sodium conductance 
channel): local anesthetics (42, 44, 58), barbiturates (31, 238), 
tranquilizers (58, 239, 240), alcohols (57, 241), anticonvulsants (242, 
243, 244), antihistamines, steroids, detergents, antiarrythmics, vaso- 
dilators (67) and opiates (56, 194). There also exist irreversible 
anesthetics, such as the haloalkylamines, which give sustained anes- 
thetic action on nerves. 

It continues to be generally assumed that the primary actions of 
anesthetics are on the cell membrane (plasmalemma) rather than on 
intracellular processes (29). This assumption is warranted by three 
types of observations: 

(a) Perfused axons, devoid of their axoplasm are still 
readily blocked by anesthetics (30, 31). 

(b) Nerve block and synaptic block occur at concentra- 
tions of anesthetic, which are lower than those 
required to inhibit metabolism and oxygen consump- 
tion (32). 

(c) Action potentials in artificial lipid bilayers are 
blocked by anesthetics such as cocaine or chlor- 
promazine (33). 

Other studies, however, have provided some evidence indicating that 
the primary anesthetic action is on the membranes of intracellular organ- 
elles such as microtubules (34, 35, 36) or mitochondria (37). These 
intracellular actions, however, are obviously more difficult to study 
and also sometimes occur at anesthetic concentrations which are usually 
5 to 20 times higher than those required to block the action potential 
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Cole and Curtis (6) demonstrated that membrane resistance de- 
creased during electrical activity and that the blockade of excit- 
ability by most cellular depressants was due to a reduction in the 
normal increase in permeability which is responsible for the upstroke 
of the action potential. 

Straub (41) suggested that local anesthetics depress the increase 
in membrane sodium conductance which occurs simultaneously with, and 
is responsible for the rising phase of the action potential in nerve 
fibres. Also in 1956, as a consequence of his study of several general 
anesthetics on intact frogs and on excitability processes in frog's 
skeletal muscle, Thesleff (27) proposed the concept that General Anes- 
thetics produce their CNS effect by inhibiting the specific increase 
in sodium conductivity responsible for action potential production in 
excitable cells. He further demonstrated that the concentrations of 
the various anesthetics required to depress excitability in frog's 
skeletal muscle fibres were well correlated with the doses required to 
produce general CNS depression in the frog. 

Taylor (42) and Shanes et al. (43) employing local anesthetics on 
the squid giant axon, obtained evidence supporting the mechanism of 
excitability blockade suggested by Straub (41). Subsequently, when it 
was discovered that local anesthetics had the same mechanism of action 
on frog's skeletal muscle fibres it was proposed by Frank and Sanders 
(47) and Frank and Jhamandas (245) that all drugs which had this mech- 
anism of action on excitable cells, would be able to produce general 
CNS depression in intact animals under appropriate conditions. 

Thus, a great variety of heterogenous groups of excitability 


depressants, have one important property in common; i.e., they all 
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produce a local anesthetic-like effect when applied to excitable cells. 
In confirmation of this theory, it has been found that drugs which 
produce local and general anesthesia affect the bioelectrical signals 
by increasing the threshold for excitation and by decreasing the 
increase in sodium conductivity of the cell membrane following a 
Stimulus (2/7, 42, 44.45, 46, 47, 51,.52,,.53.,. 54)... Of particular 
importance in this regard was the demonstration that tetrodotoxin (TTX) 
had general CNS depressant properties (53), because tetrodotoxin has 
been shown to block excitability by a unique mechanism involving a 
specific drug receptor (378). 

Although numerous studies support the anesthetic blockade of the 
sodium conductance, it has also been shown that they all to some 
extent also suppress the potassium conductance which is responsible 
for the repolarization of the cell membrane (42, 44, 55, 56). The 
anesthetic concentration needed to depress the K* conductance of the 
action potential is generally about ten times higher than that re- 
quired to depress the Na* conductance channel (14, 57, 58, 59). 

Electrophysiological studies have demonstrated that anesthetics 
and sodium ions behave as competitive antagonists (44, 45, 46, 48, 49, 
54, 56, 60, 61, 62). Hille (58) suggested that anesthetics decrease 
the magnitude of the sodium current because they interact with the 
sodium channels and thus in turn decrease the available number of 
channels for the sodium ions. 

Weidmann (63), Thesleff (27) and Frank (189, 190), have made a 
parallel suggestion in that anesthetics and other central depressants 
cause a reduction in the availability of the "sodium carrying" system 


and thus decrease the conductance of sodium in the active cell membrane. 


+f yea) ie ss. is) “ares sii } 
Fall is Lan 
aengeh Li a Shee wee 
hese wg wnheeitie afta 


a ame \p a hae 


Te ou ae apie wats bd 
ae | terete 


ste 
_ ; =" i . 1 
Piet AHESY (a mene 
abby sagan 38 
A 7 
ae A Tea |) 
i 4 , 
om 7 
fy fi »! rf g BAL 


ang a 


The evidence presented thus far strongly supports the hypothesis 
that the prime action of general CNS depressant drugs is to reduce the 
specific increase of Na* conductance in the membrane, the resting mem- 
brane potential remaining practically unchanged at blocking concentra- 
tions of the anesthetics. 

Probably the main reason why investigators have sought so long 
to demonstrate a single common basic mechanism of action for general 
CNS depressant drugs is the remarkably similar pattern of CNS depres- 
sion produced by so many drugs with differing chemical characteristics. 
Nevertheless all have had to contend with the fact that in addition to 
producing this common pattern of general CNS depression, these drugs 
also produce other effects on the CNS which are unique to themselves or 
to only a few drugs with closely related structures. Although differ- 
ences in the membrane effects of these drugs have been observed, no 
attempt has been made to relate these differences to other CNS effects 
of these drugs. 

Opiate Drug Receptors 

The concept of selective receptors for drugs, hormones, and neuro- 
transmitters is fundamental to pharmacology. Receptors are thought to 
be macromolecules, predominantly protein, located generally on the 
membranes of cells (exceptions exist e.g. steroid receptors) and unique- 
ly affected by the drug, hormone or neurotransmitter. By interacting 
with receptors, often in minute doses, such agents can exert selective 
effects. It is assumed that at least a portion of the macromolecular 
receptor is present on the surface of the plasma membrane. An activa- 
ting molecule, or agonist, interacts with the activation site of the 


receptor. The drug-receptor interaction is a dynamic process involving 


12 


_ 414 mt . 


; j 
ee atitye it 


iv * 


sir| # “4 
Me 


; ] ? a7 = : 7 ws aT Wa tay 
=. : 4 } =, A ; ql 7 i 
-. 7 “w 
) Sie ie. ted ted S i “uA a ; ie byt 
a 7 r, a 
' 
19 dei) t ¥| a1 4 2s > Ne wil fies ‘fy 7G va we 
a) ‘ 
- 7 ’ uf : fl a, ; 
Die U t P, > 
} t j 
a. : + 
; ‘yt i Wey * { nV sive o } 
7 | | - ; 
; 4 f ‘¥ Wes: yl | fi 
‘ 
i pa 
j i a" | n) Vues ® 77 
‘ 
i 
pe i ' i t 11% ci 
i ae 
v af ig 4 ,«@ S4Ai i 
ade 
\ 
p ie Mo ‘ \ ‘a! ~ hy i a 
ny Mes 
: j geet ay 1 wr ~~ sit 
oy : ~ : ; 
“" b eT a ie j ca ct |e is L wel aed Se it 
- : 7 an meee ‘af ; a. - 
atta deat co 
i ; is a ee es 
3 ih, 
a 4 ‘ x0 4% , 28 A race _ as 
; , ; j 
i § 
Pao ae ‘ j ' ie! aia. 3 
’ if '‘¥4- 
*% 
cy ore ri 
= 4 
q fib. a F Ny hia 
f 7 t . 7 4 i : - 7 YT 7" 
7 ahi j pas : Le oF es a fl b ren é > he”, A i ii : 
. at 7 7 rh 4 P : = 
day 4 f 5 ; i) pas j ys mis 7 7s ‘ f ert; aid a oe 


an interaction by intermolecular forces, mutually molding drug and re- 
ceptor. Therewith, conformational changes in the receptor molecule are 
induced that trigger the sequence of biophysical and biochemical events 
leading to the effect (246). The formation of this agonist-receptor 
complex in excitable cells then affects conductance changes by activat- 
ing or altering an ion permeation mechanism. 

A complication that arises is that membranes expose a variety of . 
"target" structures with respect to an interaction with drugs. Among 
the interactions known so far are: (a) Direct or allosteric specific 
interactions with enzyme proteins (e.g. acetylcholinesterase), with 
transport proteins (e.g. cardiac glycosides and Na-K-ATPase), with 
proteins (e.g. tetrodotoxin with Na-pore), and with commonly known re- 
ceptor proteins (e.g. acetylcholine-receptor). (b) Unspecific inter- 
actions with proteins (e.g. of SH-group reactants). (c) Physiochemical 
interactions with lipids (e.g. anesthetics, barbiturates, neuroleptic 
agents). (d) Interactions with false constituents (e.g. substitution 
of cholesterol by desmosterol or diazacholesterol). (e) Alteration of 
fatty acid chain or lipid pattern by substitutional exchange with 
different fatty acid residues or lipids. (f) Indirect influence upon 
membrane properties by alteration of membrane dipole moment through 
alterations of the transmembrane electric field by a variety of drugs. 

More or less any of the interactions mentioned may, because of 
the intimate functional and structural interrelationship between mem- 
brane constituents, spread beyond the ‘local event' and involve alter- 
ations of a variety of other membrane properties (248). 


Although the molecular sites of action form an indispensable 
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concept in the understanding of drug action, their molecular character- 
istics such as chemical properties, location and number are usually un- 
known. To indicate them they are termed receptors. They are located 
in or on target cells. There is a tight interrelation of receptor 
molecules and their surrounding. A special problem which holds for 

all receptors is that with isolated receptors no measurable "pharmaco- 
logical" effect can be induced anymore, making their identification 
extremely difficult in certain cases, 

However, a difficulty with the above definition of receptors is 
the situation in which a large number of structurally different chem- 
ical substances all appear to act at the same site or sites in the 
living organism to produce the same drug action. In such cases the 
existence of specific drug receptors is questionable. This is the 
Situation with respect to the local and general anesthetics and most 
general CNS depressants. In many respects this whole area is the 
despair of the pharmacologist, leading some to question the very 
existence of drug receptors for these drugs (230) and many others 
simply to ignore the possibility of their existence (67). 

In discussing the mode of action of membrane active drugs, an 
important and central distinction is that between so-called non- 
specific and specific action. The former-typified by the effects of 
nearly all anesthetics and many analgesics - appears to be basically 
physical, depending entirely on the drug's capacity to enter the 
membrane structure. The compound must be lipid soluble, but other- 
wise its chemical structure appears to be essentially irrelevant. In 
specific action, by contrast, chemical structure is critical. In the 


Opiate narcotics for example, only the levorotatory forms are 
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pharmacologically active; the mirror-image dextrorotatory forms have 
little or no effect, though their lipid solubility and other physical 
properties (apart, of course from their optical activity) are identi- 
cal. Specific action, though not yet well understood, probably in- 
volves the triggering by the drug molecule of a distinctive chemical 
receptor on the membrane surface, which in turn can set off changes 


within the cell. 


Of the many fundamental actions of psychoactive drugs on membranes 


(67) there are four of outstanding importance. These are: (a) Mem- 
brane Expansion, (b) Membrane Fluidization, (c) Effects on Membrane 
Calcium, and (d) Blocking of Ionic Channels (e.g. TTX). 

All the lipid soluble nerve blocking drugs are effective in ex- 
panding membranes (220). The general evidence available indicates 
that membrane expansion results in a distortion of the Na* conductance 
channel, responsible for the nerve impulse, that is to say that mem- 
brane expansion produces an electrical stabilization of the membrane. 
However, this is by no means to say that they are reacting exclusively 
with the proteins. On the contrary, they may also alter the proper- 
ties of membrane lipids and it is these lipid interactions that prob- 
ably account for many of the clinically significant differences be- 
tween various anesthetics, analgesics, and other centrally acting 
drugs. 

A number of experiments have established that the membrane expan- 
sion induced by nonspecific drugs is accompanied by an increase in 
lipid fluidity (229). Perhaps an important effect of this increased 
fluidity, at least so far as the CNS is concerned, is that it appar- 


ently facilitates the release of neurohumors (379). And there is 
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reason to believe that the more fluid the membrane, the more readily 
the vesicles fuse with it. Thus the capacity of the nonspecific drugs 
to facilitate nerve discharge, by their fluidizing of membrane lipids, 
as well as to inhibit it, by blocking the protein sodium channels, 
makes for all sorts of complications. 

Another complexity of nonspecific drug action concerns membrane 


calcium. The psychoactive drugs absorb to the membrane in very high 


concentrations and by this means displace the membrane bound cara (O79R 


The neutrally charged psychoactive drugs, however, either have no ef- 
fect on the membrane bound Ca’ or cause it to increase. cal is an 
obligatory requirement for excitation-contraction coupling (249). It 
is required for stimulus secretion coupling and may thus modulate the 
release of neurotransmitters (204, 205) and also affect neurotransmit- 
ter receptor interactions (250, 251). cat plays a role in membrane 
stabilization (206, 207) and is probably involved in the initiation 
and or conduction of nerve impulses (208, 209, 210) and in the post- 
synaptic action of neurotransmitters (211, 212, 213). : is also 
known at least in vitro to alter the activity of many enzymes (tryp- 
tophan and tyrosine hydroxylase as well as adenyl and guanyl cyclase) 
of the nerve cell (214, 215, 252). Certain classes of nonspecific 
drugs e.g. tertiary amines (examples are procaine, chlorpromazine) 
displace enti from the membrane whilst the acidic anesthetics (e.g. 
barbiturates) increase binding of Ca** to membrane lipid. There is 
considerable evidence that calcium is involved in many functions, 
many of which are also directly or indirectly affected by opiate 
treatment (253). Thus, Gane could antagonize the effects of morphine 


by alteration of one or more of these aspects of nerve function, or 
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by direct competition with morphine for the narcotic receptor as has 
been suggested by several in vitro studies (110, 138, 216, 253). 

Harris et al. (202, 203, 217) found that Ca’, Mg** and Mn 
could antagonize the antinociceptive effects of morphine when injected 
intraventricularly in mice and rats. These ions produced parallel 
shifts of the morphine dose response curve, possibly indicating a com- 
petitive antagonism of morphine. In addition agents which chelate Cass 
potentiate the effects of opiate drugs and have been reported to have 
a weak antinociceptive effect of their own (202). Brain calcium 
levels are decreased by acute administration of morphine and this 
effect is blocked by naloxone (254). 

These investigations also indicated that elevation of brain Gabe 
levels antagonized the analgesic effects of morphine. The antagonist 
actions of Ca” appeared to involve increased penetration of Gane 
across cell membranes, because calcium antagonists appeared to block 
these actions of Ca’’. Inasmuch as the effect of various cations on 
morphine action did not parallel their effects on stimulus-secretion 
coupling, it would appear that the narcotic antagonist action of Gale 
probably is not the result of a presynaptic action. However, a post- 
synaptic site might be involved in this action as postsynaptic alter- 
ations in the binding and movement of Ca** have been shown to be in- 
volved with the response to several neurotransmitters (211, 212), and 
it has recently been proposed (213) that the postsynaptic intracellu- 
lar Gaus concentration may serve to modulate synaptic transmission. 

The results of these and other investigations indicate that al- 


+ 
terations in the levels of intracellular Ca ue perhaps at a post- 
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Synaptic site, may be closely related to the actions of narcotic ago- 
nists and antagonists. Recent reports indicate that lanthanum, a 
well known Ca** antagonist may have a neuroanatomical site of action 
Similar to morphine in producing analgesia and in fact can substitute 
for morphine in a cross-tolerance situation in producing analgesia 
(25550256. -257). 

Given all these complexities, beginning with the size of the 
drug molecule, continuing with its relative affinity for various mem- 
brane constituents, and concluding with its capacity to bind Ca’* to 
or release it from the membrane, the possible variations in terms of 
drug action of a given compound become virtually infinite. 

This difficulty is further compounded when one notes that speci- 
fic and nonspecific are not mutually exclusive terms. Certain drugs 
appear to act in a "“semispecific" manner, partaking of both modes, 
while others combine both specific and nonspecific actions, the dom- 
inance of one or the other often depending on the concentration of 
the drug employed. 

Drugs that appear to combine both specific and nonspecific effects 
are the opiates e.g. morphine (56, 194, 258, 259). In low concentra- 
tions morphine is specific, producing analgesia only in its 1-rotatory 
form, the d-form being far less potent. In much higher concentrations, 
however, it appears to obey nonspecific rules, with both forms pro- 
ducing anesthesia. According to a recent report, (65) indeed, a surgi- 
cal group has been employing massive doses of opiates (around 10 mg/kg) 
for anesthesia in cardiac surgery. Further high pressure which rever- 


ses conduction blocks produced by inhalational anesthetics (260, 261), 


os oe il a ee 
>| j SA: 70. Bite +f) weer ol . 
| ee hi 
; Wha 


ft 4 bx Hye ih 


i a wh 
fF ne, in . 
i| i‘ ia aul e eonneg | & pee 


, : , : ‘ut Mi 5 9 babi 


~ » 


ie Hato. overs ' rath 


J sedi ab re 


ie ig an ae ys v te tie Sea 
R ri ; fi en: — 
] ¥] si oy OF ts 
ti. ke ed 
: a 
~ ; lh 77 ' ~- a 1 
i ie : | it - o 
yt } bee ae i, ey ani Ae 
oe ) mitt ayr'g 7 pe nib oid 3 
7a Pea ANE ge Lee i 
7 ae a * td 
® i ay i Ys ha via a ’ ae 7 | on 4 a mq? 
| | Renny. I ot ae: in rays 
’ as 7 - ; ay ine ee 
Sn oN 
‘4 . ak - 7“ 5 } S r. .&§ / . a“ : _ : ‘ 
ss ‘ , ‘ - u Ee irs —* © real 
Fal IG? HIG 73 i) Oat, Voeo 8? Cherie, > t 
4 ; U " yee oF : od . = : us a” at od ‘ 
: ¥ 7 - . _ ‘3 7 j : 
b me J i { ; J en: ‘AP ae ae 7 eit et at ~~ ae yt 4 Why 2 ei 
; 1 Ml aad i he = v : . 
a tps denne : rt) care mo "hah APY jal ae jirvat a a 


ethanol and local anesthetics (262), also reverses general anesthesia 
elicited by ethanol (263), inhalational agents (264), barbiturates 
(264, 265), opiates and neuroleptics (264). A high dose of morphine 
produced tadpole narcosis, which could be reversed by pressure (380). 
Pressure reversal was also demonstrated in this case for the steroids 
in althesin. 

However, a Significant feature of the above findings is that 
morphine and alphaxalone (a major component of althesin) produce most 
of their effects via a receptor mediated process, because these ef- 
fects are antagonized by antagonists such as naloxone and Al6- 
alphaxalone respectively (56, 266). The problem that arises is 
whether morphine and alphaxalone produce general anesthesia via a 
receptor mediated process or through their nonspecific action. Such 
a nonspecific action of morphine is known to occur at high concentra- 
tions (56, 194, 258, 267, 268). In this regard opiate antagonists 
have been shown to antagonize general anesthesia produced by cyclo- 
Propane, halothane (269) and nitrous oxide (270). Thus these investi- 
gators concluded that either anesthetics release endogenous anal- 
gesics (i.e. all anesthetics may mediate anesthesia via release of 
endogenous opioid like substances) or else narcotic antagonists have 
analgesic antagonist properties heretofore unappreciated (271). 

It has been suggested (272) that there are three kinds of inter- 
action between an opiate and membranes containing opiate receptors: 
(i) a non-saturable interaction ("trapped and dissolved") consisting 
primarily of the physical solution of lipophilic opiate molecules in 


the lipidic membranes; (ii) a nonspecific saturable binding, consist- 
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ing primarily of interactions between the protonated nitrogen atom of 
the opiate and anionic groups of membrane macromolecules (most opiates 
at physiological pH are cationic); (iii) the stereospecific inter- 
action of D (-) opiates with opiate receptors. 

Other factors postulated (273) governing the degree of drug 
activity are: (i) the rate of penetration of the drug to the receptor 
site, (ii) a fit factor between the drug and the receptor site, (iii) 
the rate of reaction or interaction between the drug and some component 
or components of the receptor site, (iv) the rate of wastage (hydro- 
lytic, oxidative, reductive and nonspecific binding) of the drug on 
its way to the receptor site. A question that remains unanswered is 
whether the relationship between the logarithm of the partition co- 
efficient of the drug and its rate of penetration to the receptor site 
still holds for the iterated process involving transfer of the drug 
through many cells or across a multiplicity of membranes (273). 

Although in most instances the existence of drug receptors for 
general CNS depressant drugs remains questionable, the evidence for 
the existence of specific opiate drug receptors is most compelling. 
This evidence can be summarized as follows: 

(a) Despite some leeway, opiates conform to a particular 
chemical structure, i.e., there are striking common- 
alities in the chemical structures of most opiates 
(Figure 1). 

(b) Some opiates (e.g. etorphine) exert their effects in 
extremely small doses. 


(c) Some marked stereospecificity of opiate actions 
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Figure 1: 
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Minimal structural requirements for narcotic analgesic 
activity (adapted from, 68). 


2] 


cha 


i 7 wy ‘surah es ate 


tie ie ih a Crew a , 7 
an 7 

| a en cogs 

vs 


strongly favor highly selective stereospecific 
receptor sites. For most opiates the D(-) isomer 
contains essentially all pharmacological activity 
of the drug, the L(+) form being virtually inactive. 

(d) The existence of opiate antagonists also argues for 
a specific opiate receptor. 

(e) Saturability implying that the number of binding- 
sites (i.e. "receptors") is limited. 

(f) The recent discovery (73, 74, 75, 76) of endogenous 
ligands for the opiate receptors, very strongly 
argues for the existence of such receptors. 

Some Properties of Isolated Opiate Receptors 

One approach taken by some investigators, is to study opiate drug 
binding to entities which they claim represent the “opiate receptors" 
(77, 78, 79, 80, 81, 82, 83). Creese & Snyder (85), compared the 
pharmacological and binding potencies of a series of opiate agonists 
and antagonists in the guinea pig intestine because the ability of 
opiates to inhibit electrically induced contractions of the guinea pig 
intestine is well known to parallel closely analgesic activity (84). 
In all cases examined by Creese & Snyder (85), the concentration of 
drug occupying half the binding sites corresponded closely to the 
concentration that produced half of the maximal pharmacological 
response, whether that be an agonist or an antagonist response. They 
suggested that, for opiates, pharmacological responses can be explain- 
ed without invoking "spare-receptors". 


Another well known theory holds that many variations in pharmaco- 
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logical potency of drugs are determined both by the affinity with 
which the drug binds to the receptor and its "intrinsic activity" to 
transform receptor binding into pharmacological activity (86, 87, 88, 
89). For all the opiates examined by Snyder et al. (100), pharmaco- 
logical potency corresponded so well to binding potency, that they 
Stated that receptor affinity alone could suffice to account for the 
potency of opiate agonist drugs. 

The molecular structure and configuration of opiate antagonists 
is virtually identical to that of the opiate agonists. It must be 
assumed that the antagonists can occupy the same receptor sites as 
the agonists, and this is consonant with the frequently demonstrated 
competitive nature of the antagonism (96, 97). It follows that site 
occupancy of the receptor itself, cannot produce opiate effects. An 
opiate agonist has to do more than occupy the appropriate receptor 
site; it has to produce some positive change in the receptor. This 
change, which could be a GK RRO alteration, is evidently 
brought about by an interaction in which the protonated nitrogen atom 
plays an essential role. According to this view, an antagonist is a 
compound that occupies the receptor site without causing such a change 
and thereby prevents agonists from interacting there. 

It was discovered that sodium enhances receptor binding of antago- 
nists, but decreases the binding of agonists to isolated. opiate re- 
ceptors (98, 99). Conversely high manganese jon concentrations were 
shown to enhance agonist binding (274). Snyder et al. (99) postulated 
that the isolated opiate receptor can assume different conformations: 


One in the presence of sodium which binds antagonists more efficiently 
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and another in the absence of sodium, which binds agonists more 
efficiently. Presumably sodium allosterically, transforms the iso- 
lated 'receptor' between the two conformations (99). 

Since opiate agonists and antagonists are similar chemically and 
compete with each other for receptor binding, Snyder et al. (100) 
postulated that both drugs bind to the same receptor, but that the 
Opiate binding site can vary as the receptor is transformed between 
two conformations (99, 101). 

The interconversion of the two forms of the isolated opiate re- 
ceptor presumably involves folding, unfolding, aggregation, disaggre- 
gation or other modifications in protein structure, since the action 
of proteolytic enzymes on receptor binding (101) indicates that the 
opiate receptor is proteinaceous and contains phospholipid components. 

Since the opiate receptor would normally be largely in the antag- 
onist state, agents interfering with the interconversion of receptor 
conformations would selectively reduce agonist binding (100). Consis- 
tent with these predictions is the observation of Snyder et al. (100) 
that a variety of protein modifying reagents and proteolytic enzymes 
in low concentrations do selectively reduce opiate agonist binding, 
with negligible effects on antagonist binding (106, 107). 

The fact that several different ways of influencing protein struc- 
ture, differentiate agonist and antagonists argues that these agents 
affect a variety of sites relavant to the interconversion of the two 
conformations of the opiate receptor. If there were separate agonist 
and antagonist receptors, as has been suggested by pharmacological 
evidence (108), one would have to assume that the agonist receptor 


possesses several aminoacid residues that are critical for receptor 
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binding and none which are components of the antagonist receptor. 
Jacobson (68) noted that a few compounds appear to contradict the 
data of Pert and Snyder (99) in that they are predicted to be antago- 


nists by their sodium:no-sodium ratio, but in vivo studies with monkeys 


show that they are not. Birdsall (275) has pointed out further dis- 
crepancies with the sodium response ratio. Although in their studies 
the binding properties of certain endorphins resembled those of the 
alkaloid antagonists, the endorphin (C-fragment) in question is a 
potent central analgesic (381) and acts as a full agonist on the 
guinea pig ileum (111). An alternative explanation for regulation of 
opiate ligand binding offered by Cardenas and Ross (276) views the 
Opiate receptor ina Came associated conformation. The binding of 
morphine induces Catt displacement shifting the membrane to a Ga. “gs 
dissociated state which may be reversed by naloxone. 

Endogenous Opiate Ligands 

The receptor for a foreign drug is really the receptor for a 
humoral substance, with which the foreign molecule also interacts .... 
He020eeCol Ident (277): 

A question posed, once the existence of specific opiate receptors 
had been demonstrated, was "Why are there opiate receptors?" Clearly, 
opiates are not normally consumed by most animals and clearly also, 
therefore, the opiate receptor must ordinarily interact with substances 
other than opiates, as Collier (277) had pointed out. More important 
the intrinsic activity of naloxone in various systems further supports 
the postulation of the existence of endogenous ligands. It has been 
observed that naloxone (a) increases acetylcholine release in the in 


vitro preparation of guinea pig ileum (278); (b) enhances the 
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nociceptive response in rats and mice (279); and (c) reverses electro- 
analgesia in rats (280). This led many investigators over the past 
few years, to initiate a search for the endogenous opiates. 

In 1975, reports from the laboratories of Hughes (111) and of 
Terenius and Wahlstrom (79) claimed that opiate-like peptides could be 
identified in extracts from porcine brain (111) and from human cerebro- 
spinal fluid (79). This was confirmed in other laboratories for many 
vertebrate species (282, 283, 284), and provided a possible explana- 
tion for the presence of the stereospecific opiate receptors. Since 
then numerous investigators using bioassays in mouse vas deferens, 
guinea pig ileum, stereospecific binding to purified brain extracts, 
and radioimmunoassays have reported the isolation of opiate-like pep- 
tides from blood, brain, pituitary and the guinea pig ileum (111, 272, 
290, 291, 300). These endogenous opiate like ligands have collective- 
ly been named endorphins (292). The term ‘'endorphin' refers to any 
opioid-like substance (274). Natural endorphins (also called morphine- 
like factors) have now been extracted from all mammalian species 
studied, including pig, cow, rat, mouse, guinea pig, rabbit and man 
(293, 294,°295): 

In December 1975, Hughes & coworkers (111) identified ne penta- 
peptides (endorphins) from porcine brain that exhibited morphinomimetic 
activity. These pentapeptides have been called methionine-enkephalin 
(H-Tyr-Gly-Gly-Phe-Met-0H) and leucine-enkephalin (H-Tyr-Gly-Gly-Phe- 
Leu-OH) respectively. In this report (111), Hughes and his collabor- 
ators also called attention to the remarkable fact that the aminoacid 
sequence of Met?-enkephalin was identical to that of the fragment 


Tyr®l to Met®5 of g-lipotropin. The latter is a minor component of 
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pituitary extracts for which no function has been determined since its 
isolation and characterization in 1964 by Li (296). The molecular 
Structure of «, 8 (c-fragment), Sand y endorphins, all isolated and 
characterized from the hypothalamus-neurohypophysial tract, have re- 
spectively the same amino acid sequence as the fragments of 8-lipotropin 
corresponding to residues 61-76, 61-91, 61-77, 61-87. It has been pro- 
posed that 8-lipotropin, with no opiate-like activity of its own, would 
be the pro-hormone for all the endorphins and Met>-enkephal in (297) SO 
far no precursor for Leu?-enkephal in has been either discovered or pro- 
posed. Thus, a large number of different degradation products of 8-lip- 
otropin have opiate activity. Furthermore, the stability and therefore 
the duration of action of these peptides varies widely, from the very 
short half-life of the enkephalins to the very long half-life of the 
complete 61-91 fragment (302). Day et al. (299) have proposed that the 
‘active’ endogenous peptides all contain the N-terminal sequence H-Tyr- 
Gly-Gly-Phe OH. It has also been shown that enkephalins or peptides 
containing this structure are in fact natural levo-isomers, contain 

the basic nitrogen function and aromatic ring structures and thus pos- 
sess all specific features of the opiate agonists (303). Klee (302) 

has suggested that when enkephalin binds to the receptor, it assumes a 
morphine-like conformation with the tyrosine moiety corresponding to 

the tyramine portion of the morphine molecule and the side chains of 
residue 5 and perhaps 4 as well interacting by hydrophobic forces with 
portions of the receptor that also interact with the C and D rings of 
Opiates. It would appear that opiate receptors are in fact peptide 
(i.e. endorphin) receptors and that because of structural similarities, 


Opiates only mimic the effect of these natural endogenous ligands. 
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To date the enkephalins have not been characterized in extracts of the 
pituitary gland, although the larger endorphins have been shown to be 
present in the brain (297, 298). Other morphinomimetic compounds have 
been isolated from the blood of various animals viz: anodynin (300) 
and fast moving material (FMM) and slow moving material (SMM) (290). 
Anodynin appears to derive from the pituitary gland, because it vanish- 
es from the blood of hypophysectomized rats (274). An endogenous 
antagonist 'antendorphin' has been shown to be present in extracts of 
rat brain (301). 

The endorphins like the opiates have been shown to have numerous 
actions in various test systems. 

In synaptosomal opiate-binding assays, On application to single 
neurons by microiontophoresis (297), in analgesia studies (304, 305), 
in the isolated guinea-pig ileum, in the mouse vas deferens (306), as a 
stimulus for growth hormone release (307), in inhibiting adenylate 
cyclase in neuroblastoma x glioma cell homogenates (308), in producing 
euphoria (304), in producing physical dependence (297, 309, 310), and 
in many other experiments, the pharmacological profile of the endor- 
phins has been shown to resemble that of the opiate agonists. 

It is believed that some or all of the endogenous ligends may 
have a neuromodulator or neurotransmitter role and the following is 
the information available regarding the status of enkephalins as puta- 
tive neurotransmitters (295): 

(a) The pentapeptides are present in brain (16-21). 
furthermore, they are present in specific areas of 
brain in association with stereospecific receptors 


(311, 312, 313, 314) and are apparently localized in 
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nerve terminals (311, 315, 316). 

(b) The enzymatic machinery has not been identified but 
synthesis from labelled precursor has been observed 
insbraine(3si7)! 

(c) While specific synaptically located enzymes have not 
yet been identified, a highly effective system for 
inactivation of enkephalin exists in brain (318, 319, 
3205832 es22,3823))% 

(d) Evidence, mostly indirect has been obtained for re- 
lease both from isolated guinea pig ileum (324, 325, 
326) and from brain in vitro and in vivo (79, 279, 
Z5OCPoU mo 0 58027,48325 185294886308 136 hes3258333)% 

(e) The enkephalins have a predominantly depressant 
action, apparently at a postsynaptic site, on single 
neurons jin the particular brain areas where they and 
opiate receptors occur and this can be antagonized 
by naloxone (334-341). 

It seems both unnecessary and unwise to argue from such facts 
that one or the other type of peptide represents the physiologically 
Significant principle. Both short-acting peptides, serving as classic 
neurotransmitters, and longer-acting ones, serving as modulators of 
neural pathways, can be physiologically important (302). 

If the endorphins are neurotransmitters, how might they affect 
postsynaptic cells? Morphine and other opiates applied ijontophoret- 
ically to single cerebral cortex cells, inhibit firing in proportion to 
their pharmacological potency with marked stereospecific actions and 


antagonism by naloxone, suggesting that the morphinelike factor may 
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be an inhibitory transmitter (22). 

There are three possibilities of control of an inhibitory mech- 
anism by enkephalin (Figure 2). 

The inhibition could be postsynaptic, presynaptic or could be due 
to a modulatory effect on the nerve terminal in which both enkephalin 
and the compound responsible for interneuronal transmission are pre- 
sent. In the first two circumstances, two neurones would be involved, 
while in the third circumstance, enkephalin would be released from the 
nerve terminal on which it acts by inhibiting the release of the neuro- 
transmitter. 

Chemical Composition, Location, and Distribution of Opiate Receptors 

In plexus-free saptiae of intestinal longitudinal muscle of guinea 
pig ileum, all opiate receptor binding was abolished indicating that 
the opiate receptor is confined to nervous tissue (118). 

The opiate receptor distribution has been determined within 
neurons, throughout the various regions of the vertebrate brain and 
across phyla. The isolated receptors are highly enriched in synaptic 
membranes of some class of neurons which are heterogeneously scattered 
through most regions of the primate CNS, particularly in the limbic 
system. Since all of the putative neurotransmitters fail to inhibit 
opiate receptor binding and no good correlation with any known neuro- 
transmitter specific system in the brain is apparent, it is unlikely 
that the opiate receptor is closely and exclusively associated with 
one of the known neurotransmitter systems (85, 121, 226). 

Lesioning experiments (85, 119, 120, 121) indicate that the opiate 
receptor is not a unique component of axons or nerve endings of any one 


of the known neurotransmitter tracts. 
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Figure 2: Possible mechanisms for the action of enkephalin 
(adapted from, 233). 
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The apparent absence of "opiate receptors" in brains of inverte- 
brates, suggests that these drugs do not elicit specific pharmacologi- 
cal responses in invertebrates (109). 

Opiates may exert their actions primarily in the synaptic region 
between neurons. However, such a conclusion must be drawn with cau- 
tion, because fractions obtained in these subcellular fractionation 
procedures are rarely "pure". Moreover, in synaptic membrane fractions, 
One cannot discriminate between presynaptic and postsynaptic membranes, 
therefore it is not possible to determine by these techniques at which 
side of the synapse opiates act. Using recently identified receptor 
binding for several neurotransmitters in the brain as postsynaptic 
markers, some investigators (123, 124) have attempted to develop tech- 
niques for separating presynaptic and postsynaptic membranes and by 
using these techniques to localize the opiate receptor with greater 
precision. 

Lowney et al. (127) described the solubilization and purification 
of a lipid-rich brain substance that binds levorphanol stereospecific- 
ally and saturably. Loh et al. (128), showed that this binding could 
be accounted for by cerebrosides, which may or may not be related to 
the opiate receptor. Loh (129) also emphasized the complementary 
structure of cerebrosides to opiates. If cerebroside sulfate binds 
morphine, the question arises concerning the relationship of this ef- 
fect to the pharmacological actions of opiates. Jimpy mice have a low 
brain content of cerebroside sulfate (129). In these mice the cere- 
broside sulfate concentration in the brain is only 60% of control-mice. 
These mice are very resistant to the pharmacological actions of mor- 


phine, requiring six times more morphine to produce analgesia than 
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normal mice. This insensitivity to morphine cannot be accounted for by 
penetration of morphine into the brain. Because cerebroside sulfate 
does bind opiates with high affinity and the binding shows some cor- 
relation with pharmacological potency, it may be related in some way 

to the opiate receptors (129). Cerebrosides might be prosthetic groups 
of the opiate receptor, as heme is related to globin in hemoglobin 
function (130). 

Pert (132), pointed out that there is a positive correlation be- 
tween the effective analgesic sites in the brain and those areas found 
to be rich in opiate receptor binding sites by Kuhar and co-workers 
(121) and by Hiller et al. (120). Thus, the regions of the medial 
thalamus, periaqueductal and periventricular gray matter and hypothal- 
amus that are rich in opiate receptor binding sites appear to be most 
effective in producing analgesia when injected with morphine. The 
major discrepancy appears to be in the amygdala, an area rich in opiate 
binding in which morphine was found to be ineffective, in producing 
analgesia. Nauta (131) also suggested that opiate receptors in the 
amygdala might not be related to the analgesic properties, but to 
other pharmacological actions of morphine. 

A number of investigators have speculated that the development of 
tolerance and physical dependence are mediated by’ changes in opiate 
receptors (134, 135, 136, 137), i.e. these theories have been based 
upon postulated changes in the number of opiate receptors. However, 
Pert et al. (138) could detect no change in the number of isolated 
opiate receptors which could be construed as relevant to the develop- 
ment of tolerance or physical dependence. They proposed an alternative 


hypothesis, which is that a gradual shift in the equilibrium between 
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the two postulated conformations of the opiate receptor occurs, which 
would progressively favor the "antagonist" conformation over the 
“agonist" conformation. This postulated change in the receptor equi- 
librium to favor the antagonist conformation could occur by a gradual 
migration of receptors through membranes to regions having a higher 
sodium concentration, perhaps from inside to outside of the cell, or 
merely by a re-organization of receptor protomers within the membrane 
which would alter the cooperativity to favor the antagonist confor- 
mation. 

Perhaps, the development of an irreversible label for the recep- 
tor would shed light on this problem of addiction and physical depen- 
dence. One would then be able to measure the rate of turnover of the 
opiate receptor molecule itself. Perhaps alterations in the rate of 
receptor turnover, underlie the process: of addiction, although it is 
quite conceivable that long term changes of some other, as yet obscure 
nature are involved. 

The actions of sodium on opiate binding described by Snyder's 
group (100) suggest that these receptors may be located on the ex- 

- ternal surfaces of cells where they would normally be exposed to 
relatively high sodium jon concentrations. Hitzemann & Loh (140) 
Showed that their stereospecific narcotic binding material is prob- 
ably located on the external surface of the nerve ending particles 
("synaptosomes"). They showed that after tryptic digestion of nerve 
ending particles, the stereospecific narcotic binding is eliminated. 
This is keeping in line with the fact that trypsin does not pene- 
trate through the membrane and thus only those proteins which are 


partially or completely located on the external surface of the membrane 
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will be susceptible to tryptic activity (222). 
Opiate Receptors and Sodium Conductance 

Several drugs and toxins are known to interfere with sodium move- 
ments through biological membranes and the opiate receptor could be 
involved in the control of these sodium movements. 

Tetrodotoxin had no effect on naltrexone binding and TTX did not 
block the sodium enhancement of naltrexone binding (141) These find- 
ings indicate that the opiate receptor does not have any TTX binding 
site. 

Some local anesthetics carry a cationic charge and act at a "re- 
ceptor site" on the axoplasmic end of the sodium channel (142). In 
addition, non-ionic local anesthetics, e.g. benzocaine, are thought 
to block nerve conduction by disorganizing the membrane structure 
around the sodium channels and in this way block sodium conductance 
(67). 

The existence of certain similarities between the opiate and the 
local anesthetic receptor is suggested by the following findings (141): 

(a) there is a direct competition between local anesthetics and 

opioids for binding to the isolated “opiate receptors". 

(b) this competition takes place with concentrations of local 

anesthetics that produce nerve block. 

(c) the more potent local anesthetics are also more potent in- 

hibitors of opiate stereospecific binding, and 

(d) other drugs such as antihistamines, antiarrhythmic drugs, 

tranquilizers, etc., that have local anesthetic effects in 
high concentrations also interfere with stereospecific 


opiate binding. 
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The finding that cationic local anesthetics act competitively with opi- 
Oids suggests that the cationic group of local anesthetics interacts 
with a specific anionic binding site on the opiate receptor. That the 
inhibition of naltrexone binding by benzocaine is non-competitive is 
consistent with the disrupting effect that non-cationic local anes- 
thetics are thought to have on membranes (141, 228). 

Despite certain similarities between the opiate and the local 
anesthetic "receptor", it is evident that they are two distinct struc- 
tures. Regional distribution studies indicate that the opiate recep- 
tor is not uniformly distributed (120, 121), in nervous tissue, while 
all nerves are susceptible to the effects of local anesthetics. The 
cellular localization of both "receptors" also seems to be different. 
The local anesthetic "receptor" is intracellular (142) while the 
opiate receptor should be extracellular in order to be accessible to 
the endogenous ligand, which is known to be a polypeptide of relative- 
ly large size (143, 144) and therefore not expected to pass through 
cell membranes unless there is a specialized uptake system. 
Receptor-Composition 

Despite numerous experiments (108, 164, 342, 343, 344) the exact 
composition of the receptor unit(s) and the nature of the jnterseeion 
of opiate drugs and receptors remains elusive. The problem that re- 
mains unresolved is whether these drugs act and interact on a single 
‘type of opiate drug receptor', interact by altering the conformational 
Characteristics of the receptor molecules at this single site, or act 
on and interact by uniting with two or more different but closely 
associated receptor sites. 


Initially it was believed that narcotic analgesics and antagonists 
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acted competively at the same receptor site because of the structural 
Similarities between active compounds (69, 145, 146, 147) and because 
of pharmacological observations (148, 149, 150, 151). 

Wikler (152), emphasized that the high degree of pharmacological 
specificity which characterized the antagonism of opiates must be a 
consequence of molecular competition between opiate antagonists and 
agonists at cellular receptor sites. Thus, it was speculated that 
opiate antagonists must act at the same receptor sites of morphine 
action. Moreover, since opiate agonists and antagonists are so struc- 
turally similar, it was difficult to envision how they could have dif- 
ferent receptor sites (151, 153). Consistent with this idea, evidence 
accrued that antagonists do not prevent the drugs from entering the 
brain of the intact animal (154, 155). 

Initial observations with drugs, e.g. nalorphine led to the con- 
clusion that these drugs were partial agonists and interacted with 
full agonists at the same receptor site according to the principles of 
"Competitive Dualism in Action" as described by Ariens et al. (156). 

In 1967, Martin concluded that 'Competitive Dualism in Action' at 
a single receptor site could not account for the results obtained in 
several agonist-antagonist drug interaction studies. Ths, IManein 
proposed a theory of 'Receptor-Dualism', which stated that there are 
in fact two types of opiate drug receptors; at one type full agonists 
act to produce an effect and partial agonists act to produce only 
antagonism and another type at which only partial agonists act to 
produce an effect. A "pure" antagonist, e.g. naloxone has antagonis- 
tic effects. at both sites. 


From their experiments Takemori et al. (157, 158) concluded that 
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the narcotic and narcotic antagonist analgesics interact either with 
two different receptor populations or with the same receptor in a 
different manner. Thus an extension of the suggestion of Portoghese 
(69, 160) was formulated in which different narcotic analgesics are 
viewed as binding with a single species of receptors but having dif- 
ferent positions of molecular binding (Figure 3). The protonated 
nitrogen (N*) is assumed to be the common site of attachment to the 
receptor. Both the full agonists and partial agonists unite with 
Site "N" to produce an apparent competitive antagonism at site "N". 
Chronic interaction at the "N" site densensitizes the site resulting 
in tolerance and simultaneously increasing the binding constants of 
the antagonists for site "NA" resulting in an increased sensitivity 
to antagonism (161, 162, 163). 

The observations of Smith et al. (345), suggested that the 
analgesic, respiratory depression, cataractogenic and growth-inhibit- 
ing responses to opiate drugs are each mediated by receptors differ- 
ing on the basis of the degree of tolerance development in each of 
the four parameters. Gullemin (297) showed that each of the endor- 
phins, has unmistakable effects of its own, in addition to some com- 
mon properties between the different endorphins. Thus the possibility 
has been raised that the various endorphins are more or less specific 
to particular opiate receptors (298). This in turn, would imply a 
heterogeneity of opiate receptors that has been proposed (346) on the 
basis of pharmacological data. Martin (346) proposed three types of 
receptor, designated y,« and o, based upon differential effects of 
various classes of opiate agonists and mixed agonist-antagonists. 


Lord et al. (348) proposed another class of receptors (6 -receptors) 
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Figure 3: 


Hypothetical interactions between narcotic analgesics 

or antagonists and the analgesic receptor. N=narcotic 
analgesic site, A=antagonist site, NA=narcotic antagonist 
analgesic site (adapted from, 164). 
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for the mouse vas deferens. Hutchinson et al. (347) showed that the 
receptors in guinea pig myenteric plexus and in the mouse vas deferens 
behaved differently with respect to relative affinities for agonists 
and antagonists. Direct binding studies with [°H] leu-enkephalin also 
indicate the existence of multiple receptor sites in brain (348). 

These observations on the heterogeneity of the opiate receptors 
are strongly reinforced by the behaviour of the endorphins. No cor- 
relation (i.e. the rank order potency did not vary in parallel) be- 
tween two in vitro assay models (mouse vas deferens and the guinea pig 
ileum) was found for the enkephalins by Lord et al. (348). 

To add to the above confusion Puig and co-workers (349), showed 
that the reversal by opiate antagonists of the inhibition by opiate 
agonists of the electrically evoked contractions of the guinea pig 
ileum, was independent of the general structure of the antagonists, 
implying that a heterogeneous group of opiate receptors, did not 
exist. 

Furthermore, the evidence available at present is insufficient 
to attempt to allocate different receptors to different physiological 
functions. 

Problems with Receptor Isolation Studies 

Advances in isolating membrane bound receptors have been rela- 
tively slow. First, the well developed methods of fractionating and 
purifying water-soluble proteins are often inapplicable. Second, drugs 
that act in the CNS, since they have to penetrate the Blood Brain 
Barrier (BBB), are necessarily lipophilic. This complicates receptor 


binding studies, because the membrane receptors are imbedded in a 
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lipid matrix, with which such drugs will interact through nonspecific 
hydrophobic forces. Thus, the non-specific binding of the opiates 
obscures the specific binding which is believed to be responsible for 
the actual narcotic effect. Third, the reversibility of most drug- 
receptor binding implies that significant binding sites may be over- 
looked because of dissociation of drug molecules from the receptors 
during work-up procedures. Goldstein et al. (165) pointed out that 
the opiates contain a protonated nitrogen atom at physiologic pH, 
suggesting the likelihood of non-specific interactions with numerous 
anionic groups in tissues; and that they are also lipophilic, passing 
readily through the BBB and presumably associating nonspecifically 
with neuronal membranes and myelin. They suggested, however, that 
stereospecificity might provide the key to receptor isolation in this 
drug family. 

However, stereospecific binding, while necessary, is not a suf- 
ficient criterion for the opiate receptor. Pasternak & Snyder (166) 
demonstrated that filters themselves were capable of binding opiates 
in a stereospecific fashion. Since glass filters can bind opiates 
stereospecifically, certain macromolecular brain or other constituents 
probably also exhibit stereospecific opiate binding which, like the 
glass filters is not related to the pharmacological actions of opiates. 
Various lipids also displace stereospecific binding of opiates with 
the levo-isomer more active than the dextro-isomer (128, 350). Further 
more often than not, the methods employed by most "binding" investiga- 
tors lend themselves to the study of only high affinity sites, because 
the tissue fragments are washed before radioactive counting, thus 


removing much or all of the more loosely bound drug. To what extent 
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the drug that dissociates and is lost was also stereospecifically 
bound is unknown. 

The main reason however that receptors have proved difficult to 
characterize and isolate lies to a large degree in the absence of cri- 
teria for demonstrating that one has a receptor after it has been re- 


moved from its normal functional connections in vivo. 


One must be cautious about equating tissue binding with receptor 
function even if the binding examined is saturable at low concentra- 
tions. Hollenberg and Cuatrecasas (167) observed that insulin bind- 
ing to glass saturates at extremely low concentrations, similar to 
the affinity of the true insulin receptor for insulin. Additional 


problems with in vivo studies of drug-receptor interactions are the 


effects of distribution and metabolism on the proportion of the ad- 
ministered drug that actually reaches the receptor site, the effects 
of compensatory physiological and biochemical processes on the re- 
sponses recorded, and the possibility that the response recorded is 

so far removed from the site of the drug-receptor interaction that the 
response is limited or otherwise modified by intervening physiological 
or biochemical processes (e.g. if a response is dependent upon the 
release of a neurotransmitter, it will be limited by the airount of 
transmitter available for release). 

Further, the number of types of opiate receptors has not been 
established. Is there only one kind of opiate receptor or are there 
different receptors mediating the various actions of opiates? Do 
the receptors exist in several conformational states and do they have 
several different binding sites? Finally, it still remains to be 


demonstrated that the binding of narcotics to the putative opiate 
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receptor material initiates a pharmacological response. 

Some investigators have attempted to isolate material which will 
specifically bind opiates but not inactive sterioisomers (66, 80, 82, 
O89 9 meli65 $170 pels 1) eel Pei siconcludedifromesuch’studies! tha tathis 
isolated specific binding material is in fact the opiate drug receptor. 
Attempts are then made to relate the physiological effects of opiate 
drugs and the interaction of these drugs to their binding properties 
with this material. Inherent in such studies is the assumption that 
receptor binding is sufficient to explain drug response and that drug 
properties such as efficacy or intrinsic activity are of no importance 
and that spare receptors, either do not exist or have properties ident- 
ical to the true receptors, but in any event do not modify the inter- 
pretation of the results obtained inbinding studies (118, 173). How- 
ever, there seems to be little valid justification for these assump- 
tions. Another problem with these studies is that different investiga- 
tors often differ as to the cellular fraction in which the material is 
found and its amount. 

Although it is clear that there are binding sites with intriguing 
specificity, there is not yet proof that the binding site-opiate com- 
plex is biologically active. Stereospecificity, may not nena suffi- 
cient condition for biological activity, as pointed out above. The 
high affinity of the binding site is also not proof of functional ac- 
tivity; the binding constant should be appropriate to the biological 


concentration in the neighbourhood of the in vivo receptor. 


In Vivo Studies of Opiate Receptors on Excitable Membranes in the CNS 


Many such experiments are conducted under acute surgical conditions 


with anesthetized animals. The use of anesthetic agents can be expected 
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to alter the evoked response to noxious input and interact with mor- 
phine action by either potentiating its effects or masking them. 

Several microiontophoretic studies employing opiates and endor- 
phins have been conducted in the CNS. Microinjection studies provide 
one of the critical tests of the identity of a substance as a trans- 
mitter as the putative transmitter is placed close to the cells pre- 
sumed to be excited or inhibited by it, while the firing activity of 
the cells is monitored continuously. 

The effects of microiontophoretically applied morphine and 
levorphanol on the spontaneous firing of neurons in the locus 
coeruleus of rats were investigated, by Korf et al. (177) and Bird & 
Kuhar (351). Both groups of investigators reported that opiate ago- 
nists depressed spontaneous activity, and this depression could be 
antagonized by naloxone and levallorphan. Studies in other areas of 
the CNS namely the cerebral cortex, thalamus, dorsal medulla (337, 
352), caudate nucleus, periaqueductal grey matter (340, 352), sub- 
stantia gelatinosa (353), brainstem neurones (334, 335, 336, 352), 
spinal neurones (338, 339), nucleus accumbens (354), trigeminal 
nucleus caudalis (355), with either opiate agonists, or endorphins or 
both have shown that by and large these agents cause a depression of 
Spontaneous, or evoked activity. In most cases this depression could 
be prevented or antagonized by opiate antagonists. In very few cases 
when application of opiate agonists or endorphins caused excitation, 
this excitation was either not naloxone antagonizable or not stereo- 
specific. A striking feature of the above experiments is that this 
inhibitory effect of opiates and endogenous ligands occurs whether 


the neurones are firing spontaneously (brain stem: 334, 335); firing 
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spontaneously or firing in response to noxious stimuli (locus 
coeruleus: 177, 351); firing spontaneously or excited by glutamate 
or acetylcholine (cortex: 201); or firing in response to aspartate, 
or glutamate (spinal sensory interneurones: 356). It seems 
likely that the effect of morphine at these sites is not related to 
an antagonism of any specific excitatory stimulus, but rather repre- 
sents an opiate receptor mediated membrane stabilization. 

Some investigators have reported (341, 352, 357) excitation of 
either Renshaw cells or the hippocampus on application of morphine, 
endorphins or substance P. These investigations showed that in 
contrast to other areas of the CNS, such excitation could be pre- 
vented or antagonized by application of opiate antagonists. 

These microiontophoretic studies suggest that opiates and endor- 
phins may exert at least part of their activity through alteration of 
impulse flow in certain areas of the CNS. 

In Vitro Isolated Tissue Studies of Opiate Receptors 

Efforts have been made to conduct opiate drug receptor studies on 
an isolated in vitro preparation. One of the problems encountered are 
the findings that the same tissue or preparation from different species 
differed qualitatively in their sensitivity to opiate agonists (182). 

In most of such studies, narcotic antagonists when employed are 
used mainly to distinguish between a non-specific or an opiate drug 
receptor mediated effect. In some preparations, opiates inhibit the 
release of neurotransmitters from presynaptic nerve endings. This has 
been shown for the guinea pig ileum (84, 94, 183), the superior cervical 
ganglion of the cat (184, 185), the nictitating membrane of the cat 


(184, 186), the neuromuscular junction of the frog (187), etc. 
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The most comprehensive investigation of narcotic drug actions and 
interactions on an isolated preparation has been conducted by Koster- 
litz and his co-workers, on the inhibition of the response to coaxial 
stimulation of the guinea pig ileum (182, 188). 

The results they obtained using this preparation were well cor- 
related with the analgesic effects of these drugs and showed also that 
this preparation was useful for drug-interaction studies. Although 


this preparation has obvious advantages over in vivo studies, it still 


has the problem that the response recorded is only secondarily related 
to the physiological changes produced by the action of the opiate drug 
on its receptor. 

Some investigators prefer to think that CNS drugs produce depres- 
sion by interfering with synaptic transmission processes, even though 
this would mean that a variety of mechanisms are involved to correspond 
to the variety of effects produced by these drugs on synaptic trans- 
mission processes (190, 360, 361). 

With several peripheral preparations, notably the guinea pig ileum, 
the mouse vas deferens and the frog neuromuscular junction, it has been 
Shown that opiates disrupt synaptic transmission by suppressing the 
neurotransmitter release. However, despite the general pencenet that 
opiates inhibit neurotransmitter release, there is considerable contro- 
versy regarding the mechanisms underlying the suppression of neuro- 
transmitter release by these drugs. 

Schaumann (183) and Paton (84) demonstrated that morphine and its 
surrogates are powerfully effective in blocking the contraction of 
Slectr ically stimulated ileum strips. Paton (84) showed, further, that 


this effect is closely linked to the reduction of acetylcholine release 
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into the bath following each stimulus. It has been shown by others 
(111, 290, 362) that endogenous ligands are not only present in the 
guinea pig ileum but also like the opiates inhibit acetylcholine 
release. 

Dingledine and Goldstein (200) suggested that opiates probably 
act to block impulse invasion into the terminal varicosities of the 
cholinergic neuron. Intracellular studies by North and colleagues 
(363-367) showed that neurones in the isolated myenteric plexus of the 
guinea pig ileum responded with membrane hyperpolarization on expo- 
sure to opiates and enkephalins. This hyperpolarization was prevented 
by naloxone. The hyperpolarization was usually associated with a fall 
in membrane resistance. These effects they concluded were sufficient 
to prevent excitation of a population of myenteric neurones. This 
they suggested would reduce the output of acetylcholine when the pre- 
paration was field stimulated. These findings lend some support to 
the hypothesis that the central inhibitory actions of opiates and 
endogenous ligands may be mediated by a membrane hyperpolarization 
associated with a conductance increase. 

Henderson and Hughes (368) quoted reports stating that the motor 
innervation of the mouse vas deferens is adrenergic. They also dem- 
onstrated that opiates and enkephalins inhibit the release of nor- 
adrenaline from the motor nerve terminals and thus prevent electrical- 
ly induced contractions of the vas deferens. These inhibitory effects 
could be antagonized by naloxone. 

Henderson and North (369) made intracellular recordings from 


Single smooth muscle cells of the mouse vas deferens. Opiates and 


47 


es: i an ‘y 
Anas vs 
‘ “unt toda ag ade A bi 


A 
* . 7 i rats = — 
~ Lay : A, - 


rt ( ( 
etagsony rien aan twain KOON y ph wrabhs ¥ 
«py gota Lagat ray Thataevad seit Went oateomit 7 
_ yee fas kod item rata nati repeutal 5 , 
my To euxeTq dean lag Pret ott at dey Viren salts’ i 
as ne 077 en) 4a ne saul eae atin bebuloge sl 


ning e4 , GOI DOL! tb Cater arat ait " apes baits sain 


Ht antersgess vi Tawra ee he ie Sng aereh oft . IRE 
‘ 


ae 


re 


sotol Vhue. wry Gadkt ios yond erento eet? onda? eda at” 
4 : fT saliieaaiae Poids Ww worsatvacdts ase ii 
iq of) sare ant Vallotuisoa Sh fngur 2d unr Vigow ‘bapangeud 
‘olgur Suey Gae> epee? nit tase lial re bie? Jaw ‘natia - 
| yuatidéeiet wena’ a ‘pits Ctomidente Wal i: 
ltachtatequegee Sentéese @ yd syalore. ne ~eot abet coupe y 
pieces! @ONeTIURO ee : Lb Ps a | 
Gem 4453 Jails yoteuss a swyee ha? oun ae eaigul ue sine a 
> obfe Yort -.olgvenieis' z? Wnt sev ‘gave wh ae 
‘ae FQ aacttin mis 7 bring me salle aie ‘ortega 
hie is Jomeene ofr) igen it fi i ered enn ore oe oh — 
oem eios aie well anna ake ort te mec 
ue Ld a Pr * coal Wa 
; went sia atu int, “ tt ree Lene 
* wishes rated a rm 


- 


ra 


. © fa ; 
aie 2 8 
rates, 


seals 
ia 


| ihaie: ace faihicalhy : 
nee any heal 
aa hai 


enkephalin depressed the amplitude of the excitatory junction poten- 
tials. These drugs did not affect the resting membrane potential of 
the smooth muscle cells. Their action was antagonized by naloxone. 
These workers concluded that opiates and enkephalins act directly 
upon the transmitter release sites, to reduce the amount of noradren- 
aline liberated by nerve impulses. 

Frederickson et al. (370) and Frederickson and Pinsky (371) found 
that acetylcholine release in the rat phrenic nerve-diaphragm and frog 
sartorius preparations was reduced by morphine. Bell and Rees (372) 
examined this question using a rat diaphragm preparation and found 
no antagonism by naloxone of the depressant effects of agonists on 
neuromuscular transmission. They concluded that these effects on the 
neuromuscular junction were not due to a receptor mediated process. 

From all the above studies on the effects of opiates and endogen- 
ous ligands on synaptic transmission the following conclusions can be 
drawn: (a) It is quite probable that opiates have synaptic actions, 
and it is also probable that the identity of the transmitters con- 
tained at the synapse is not a critical factor in determining whether 
a given synapse is or is not affected by these drugs; (b) It is 
likely that interference with regulatory events at the TERE 
level, such as those controlling second messengers, could account for 
opiate effects just as effectively as interference with presynaptic 
events such as transmitter release and reuptake. The potential inter- 
actions between the drugs and divalent cations (especially Galen) 
binding sites may be extremely important, since synaptic events are 


strongly dependent on the availability of these elements. 
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There is considerable evidence to show that drugs with general 
CNS depressant properties also depress excitability and action poten- 
tial production in isolated cells (67), and when tested they are 
found to act by depressing the specific increase in Na” conductivity 
which normally results from an adequate stimulus (189, 190). 

Hasbrouck (65) reported that naloxone, a narcotic analgesic 
antagonist could antagonize the general CNS depression produced by 
morphine in man. This was a surprising observation, because among 
other possibilities it would suggest that there are opiate drug re- 
ceptors on excitable cells. 

Ritchie and Armett (358) reported that high concentrations of 
morphine and nalorphine applied topically antagonized the depolariz- 
ation of vagal C fibres by acetylcholine, but without blocking action 
potential conduction by themselves. Kosterlitz and Wallis (191) found 
that morphine had no effect on conduction by mammalian peripheral 
nerve. Simon and Rosenberg (193) used invertebrate (squid and crus- 
tacean) axons. Relatively high concentrations of morphine and levor- 
phanol decreased spike amplitude and even blocked conduction. These 
drugs also reduced or blocked repetitive firing in squid axons in 
media with low divalent cation content. Agonists (morphine, levor- 
phanol), antagonist (levallorphan) and the inactive isomer of levor- 
phanol (dextrorphan) had similar effects, suggesting to them that 
local anesthesia by membrane stabilization was responsible for the 
block. Frazier and his colleagues (194, 359) injected morphine inside 
previously evacuated squid axons and found that it blocked axonal con- 
duction not by changing the resting membrane potential but by depres- 
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local anesthetics and the aliphatic alcohols. In their second paper 


(359), Frazier et al. 


Showed that two antagonists naloxone and M5050, 
as well as etorphine, a potent agonist had qualitatively and quantita- 
tively the same effects as morphine. Frazier et al. (194), therefore 
concluded that the depressant effects of narcotic analgesics on 
excitability were not due to an action on an opiate drug receptor 
having properties comparable to the opiate receptors found in the CNS 
or in smooth muscle. Seeman et al. (192) reported that the minimal 
blocking concentrations on rat phrenic nerve did not differ for D- 
and L-methadone and was only slightly higher for dextrorphan than for 
levorphanol. These results were assumed to show that stereospecific 
binding sites for opiate drugs do not exist on excitable membranes. 

Frank (196) studied the effects of morphine, meperidine and 
naloxone applied externally to frog's sartorius muscles. Thus when 
applied at a concentration of ile M both naloxone and morphine re- 
duced the maximum amplitude of the extracellularly recorded compound 
action potential by about the same amount (30%). 

In contrast to the agonist effects of high naloxone concentra- 
tions, it was found in this study (196) that low naloxone concentra- 
tions: (e2g 263.1% 1077 M) antagonized the depressant effects of morphine 
or meperidine on action potential production in frog's sartorius 
muscles. These results demonstrated that there were opiate drug re- 
ceptors on sartorius muscle fibre membranes and that drug activation 
of these receptors inhibits action potential production. 

In the above study, there was never any sign that at low, antago- 
nistic doses, naloxone could produce effects opposite to those of 


morphine or meperidine. Therefore, a physiological type of antagonism 
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could be ruled out. Neither did naloxone at any dose antagonize the 
effects of phenobarbital on intact mice. Thus, there was no indication 
of any non-competitive antagonism. These results indicated that nal- 
oxone is a partial agonist (or antagonist) with a very low intrinsic 
activity (196). Results supporting the contention that opiate antago- 
nists do not induce a physiological type of antagonism to the depres- 
sant effects of opiates on excitable membranes have been obtained by 
Jhamandas (374) and Frank and Buttar (373). 

In a subsequent study with intracellular microelectrodes (56) it 
was shown that meperidine blocked action potential production by two 
mechanisms: (a) a non-specific mechanism in which the increase in 
sodium conductance (§Na) and in potassium conductance (9K) produced 
by stimulation are depressed and (b) an opiate drug receptor mediated 
mechanism, causing a specific depression of gNa. Low, antagonistic 
concentrations of naloxone could antagonize only the effects produced 
by the second mechanism (b). These results also indicated that there 
are opiate drug receptors located probably on the inner surface of 
the muscle membrane associated with the “sodium channels" and that 
drug activation of these receptors by either meperidine or high nal- 
oxone concentrations interferes with the opening of the sods On chan- 
nels" normally produced by membrane depolarization. 

The inability of Kosterlitz and Wallis (191) to demonstrate an 
inhibitory effect of morphine and some related drugs on action poten- 
tial production in mammalian nerves was probably due to their use of 
low opiate concentrations. 

For studying the effects on nerves in situ in the cat, Kosterlitz 


and Wallis (191) used a 3mg/kg dose of morphine equivalent to the 1-6 


oO a 
i >’ MR cen ae 7 

mii re er ae 

ate ae tt rasta 
“Hae sido tags | ae 1s tebe 
stontront wor’ | yi 

sign, shen to chal pees ai na 
~evrgeb ot nd pahamgemn Season: ca. 
ud beatagdo viel G0, sonnet etded Vaan oe eed arag 
“9 QPP sett fam ang 1 ORF 
sh Kad) atic wait tachi are ase aeadgaellialeale 

then “ed sagt designs tatbvesen nance beac [4 Bobb inagem sl he set Rat: 
dt er navagt ae ciety al melpetgate aetieng aon eee eat 
bgcighey rey (08) sare tear nutenedin af ans. (ie) ously: 8 
atone MotQgaby quik atelge We, {d} ton atenigeb ats lalest hs 
Hehnopegig, Aid ith to bexmeqeh ‘of Vaege ® ost ema's ata 
aslo CITeN tS CHS WING | os hbaplod ae: tiws anécofo Ve =o 16S NEE: 
pity sade: bao tnt ana pilwcgn cent? — he aia congue ant © a 


oe 


pees a 


a 
ak 


_ 
- 


to oont-ene towel 447 Gd efdeony Mager tagrqeart arwatargeiant 
ford ones ae cau yer ne” ade: pita bist d? pogae oii apm otf 
toh gle wo sithP eae EN Yen ieee mae ee) ‘s 


ma 


nada udbooet ade te geting wt eae qane heend bina manana wnat 7 
mn fm eae eye th Lane wnarhnem 0 we zishereg oe a 
ne henryencnds ao, Croty vt ite had, in ar bebiiciian 4 
cyedoq nehese’ne aged bape (en, Behe bee lgthaaion Lidiedae ti 4 


ro we “eaels, al geiaanth reise pen ! wie nd 7, 


7 : 7 : : : ( F 
’ a oh v1 
Fi : : A saa Ri ® 
| ; ‘i a (i a 8 WAS 
ie ; ay oe : a PUP oe } 
- a : i) } 
Mh, Sd ca ots ; 


mg/kg dose of morphine sulfate (M.Wt. 758.8) required to produce gen- 
eral anesthesia in man (64, 65). Since the function of peripheral 
nerves is generally unaffected by drug concentrations which produce 
general anesthesia (190), the lack of effect on peripheral nerves re- 
ported by Kosterlitz and Wallis (191) in their in situ studies is not 
surprising. Thus, despite the potential error always inherent in com- 
paring drug dosages in different species, it seems reasonable to con- 
clude that they failed to demonstrate the depression of action poten- 
tial production by narcotic drugs, because the drug doses they employ- 
ed were too low (195). It is also probable that under the conditions 
of their experiments, Seeman et al. (67) and Frazier et al. (194) ob- 
served only the non-specific blocking effects of opiates. The pos- 
sibility that opiates may alter membrane excitability by affecting 
membrane permeability has been supported in studies conducted by 
Zieglgansberger and colleagues (201, 338, 339, 376, 377). These 
workers initially showed that the depolarizing action of L-Glutamate 
upon spinal neurones was associated with a marked increase in postsyn- 
aptic permeability for Na” ions. They subsequently demonstrated that 
opiates block L-Glutamate-induced depolarizations by impairing the Nat 
influx and by slowing the rate of rise of excitatory postsynaptic po- 
tentials (EPSP's) in a naloxone-antagonizable fashion. Further, higher 
doses of opiate agonists (e.g. morphine) and antagonists (e.g. levallor- 
phan) and inactive stereoisomers (e.g. dextrorphan) produced a non- 
specific local anesthetic-like action. Where morphine was applied 
intracellularly while glutamate was applied extracellularly, the block- 
ing action of morphine was no longer demonstrable indicating that 


opiate receptors in this area of the brain were located extracellularly. 
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Haloperidol has been shown to antagonize withdrawal symptoms in 
morphine dependent rats and to compare favorably with methadone in 
blocking heroin withdrawal symptoms in man (198). Haloperidol is a 
chemical derivative of meperidine (199) and it is possible that its 
effects in this regard, are due to an action on opiate drug receptors. 
Findings in our laboratory indicate that haloperidol has an agonistic 
effect on opiate drug receptors on excitable membranes and part of 
this effect like that of meperidine can be antagonized by employing 
concomitantly low concentrations of opiate antagonists (375). 

Although a reduction in membrane permeability may account for 
the ability of narcotics to block excitability, the exact mechanism by 
which the permeability is affected remains speculative. One thing is 
certain that most depressant drugs depress gNa, but whether they re- 
duce gNa by the same mechanism is uncertain (206). It may be that 
some of the effects of depressant drugs that reduce gNa are not 
mediated via the classical pharmacological receptors, because a 
chemically heterogenous group of drugs appears to be having the same 
final effect. 

In summary opiate receptors are hypothetical cellular consti- 
tuents, which have been invoked as the most parsimonious explanation 
to account for an abundance of pharmacological phenomena, produced 


by the opiate drugs. 
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III. STATEMENT OF THE PROBLEM 

The aim of this thesis was to carry out an electrophysiological 
analysis of the stabilizing action of different opiate drugs and 
local anesthetics on action potential production in frog's sartorius 
muscle in order to clarify the mechanism of action by which these 
drugs exert their effects. An important objective was to determine 
the nature, specificity and sensitivity of the opiate receptors on 
this muscle by studying the interaction effects of the above drugs. 
Another objective was to test the hypothesis that suppression of 
sodium conductance plays a role in the membrane action of narcotic 
drugs, and in fact, that this is the main mechanism by which such 


drugs depress membrane excitability. 
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IV. MATERIALS AND METHODS 

A. Muscle Preparations 

The sartorius muscle of the leopard frog (Rana pipiens), was 
used throughout this investigation. Each frog was killed by a blow 
on the head and the muscle dissected and removed with a portion of 
the pelvic girdle attached. After removal, the muscle was placed in 
a Lucite bath and with the aid of a dissection microscope (Wild - 
Heerbrigg, Switzerland) it was freed from connective tissue and 
fascial membranes. Occasionally the sartorius muscle from the frog 
Rana temporaria was used. 

All experiments were performed at room temperature (21-22° C.). 
The muscles were usually allowed to equilibrate in Ringer's solution 
for about 60 minutes before any recordings were conducted. 
B. Solutions 

The Ringer's solution was prepared in distilled water. The 
composition was as follows (mM): NaCl - 111.8; KCl - 2.47; CaClo2H20 - 
1.08 (1.80 for Rana temporaria); NaHpPOq - 0.087; NaHCO3 - 2.38; and 
dextrose - 11.1. This solution had a pH of about 7.4 + 7.6, and con- 
tained also d-tubocurarine (ICN Pharmaceuticals Inc., Cleveland, Ohio) 
in a concentration of 1074 g/ml. Tubocurarine was employed to elim- 
inate possible neuromuscular effects. Certain solutions were made up 
with excess or reduced sodium chloride, the latter by substituting 
Sucrose to maintain osmolarity. 
C. Drugs 

Drugs eee in this study were: 

(a) Morphine hydrochloride - May & Baker 

(b) Methadone hydrochloride - May & Baker 
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(c) Propoxyphene hydrochloride - Eli Lilly & Co. 

(d) Meperidine hydrochloride - Winthrop Labs. 

(e) Naloxone hydrochloride - Endo Labs Inc. 

(f) Naltrexone hydrochloride - Endo Labs Inc. 

(g) Dextromethorphan hydrobromide - Hoffman - La Roche Ltd. 

(h) Procaine hydrochloride - Matheson Coleman & Bell 

(i) Tetrodotoxin - Sankyo Co. 

The desired drug concentrations were made with Ringer's solution. 
All concentrations refer to the final bath concentration and are ex- 
pressed as uM or M. All solutions were millipore filtered through 
millipore filter (0.22 uM) before use. 
D. Electrodes 

Electrodes were made from open ended capillaries (Fisher Scienti- 
fic Co.) having 1.5-2 mm outside diameter. The microelectrodes were 
drawn by a glass microelectrode puller (PN-3 Narishige Scientific In- 
strument Lab. Ltd., Japan). These microelectrodes were then mounted on 
a microscope slide with a rubber band around them and placed into a 
Coplin Staining dish with their tips downward. The electrodes were 
filled using the method described below. The Coplin dish was filled 
with methanol and placed in a vacuum dessicator. The methanol was al- 
lowed to boil for about five minutes by reducing the pressure in the 
dessicator. With this procedure, most of the electrodes were completely 
filled with methanol. The electrodes attached to this slide were then 
transferred to another Coplin dish containing distilled water and they 
were left there overnight. After 24 hours, the electrodes were placed 
in millipore filtered 3 MKC] and left there for at least 24 hours be- 


fore use. 
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E., Extracellular Recording 


Usually the isolated sartorius muscle was further dissected with 
the aid of the dissection microscope, until a bundle of fibres from 
the central portion (max. diameter < 1 m.m.) remained. These muscle 
bundles were mounted horizontally on bipolar platinum stimulating and 
bipolar platinum recording electrodes in a Lucite box bath. A ground 
electrode touched the muscle in between (Figure 4). 

In some cases, when very small sartorii muscles were used, the 
_ whole muscle was mounted for testing without dissection. 

For each test of the electrical responses of the muscle strips, 
the bath was completely drained by suction and the interelectrode 
spaces carefully blotted with filter paper to eliminate short cir- 
cuiting. The muscle was stimulated with 2 msec square wave pulses. 
First, the strength of stimulation was gradually increased to deter- 
mine the smallest stimulus needed to produce a measurable action 
potential. This was considered to be the threshold. This threshold 
current was measured by recording the voltage drop across a 50 K 
resistor in series in the stimulating circuit, on one beam of a double 
beam oscilloscope (Textronix 502). Next, records were made of the 
maximum compound action potential produced by supermaximal stimuli 
and this bipolar extracellularly monitored action potential was re- 
corded on the other beam of the oscilloscope. This entire procedure 
took about 3 minutes and then the muscle bundle was reimmersed in 
solution. The amplitude of the initial negative spike of the bipolar 
action potential was used as the measure of the maximum amplitude of 
the compound action potential. The horizontal time between the end 


of the current pulse in the top beam and the initial peak of the 
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Figure 4: 


Muscle Bath 


Block diagram of assembly used for extracellular studies. 


S,) SuImUlaLingpelectrodes, A. necording electrodes. 
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bipolar action potential was used as a measure of the conduction 
velocity (after taking the distance between the recording and stim- 
ulating electrodes into account). 

The excitability was calculated as the inverse of the threshold 

current and expressed as a percentage of the control response. 

In these extracellular studies three types of experiments were 

conducted: 

(1) For testing the effects of a range of concentrations: After 
obtaining controls the muscle bundles were exposed for 30 
minutes to each drug concentration and then tested. Each 
muscle was exposed to a sequentially increasing drug con- 
centration. 

(2) For testing drug antagonism: The muscle was exposed for 30 
minutes to each of 3 concentrations of the drug. The elec- 
trical responses of the muscle were tested at the start of 
the experiment (control) and immediately following each 
drug exposure. After each test the muscle was placed in the 
next highest drug concentration. Following this the muscle 
was allowed to recover, for about 90 minutes in drug-free 
Ringer's solution. Next another control was obtained and 
the muscle was exposed to solutions with the same drug con- 
centrations plus a small concentration of an opiate antago- 
nist and the responses tested as before. 

(3) For determining the time course of drug effects: After the 
control responses had been obtained, the muscle bundles were 
kept in a single low concentration of the drug for up to 


300 minutes and the electrical responses tested at 30 minute 
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intervals. For comparison other muscle bundles were ex- 
posed to the same drug concentration for 90 minutes and 
then placed in a solution with the drug plus an opiate 
antagonist. 

In all extracellular experiments, the initial control responses 
were obtained about 90 minutes after completion of dissection. This 
was the first response recorded in any experiment and drug additions 
were made subsequent to these recordings. The 90 minute wait before 
commencement of experiments was found to be essential for two reasons: 

(a) Control experiments (muscles maintained in Ringer's for up 

to 300 minutes and tested at 30 minute intervals) indicated 
that the effect of damage introduced by dissection took up 
to 90 minutes for recovery. 

(b) Muscles occassionally were infested by trematode parasites. 

The responses of such muscles are known to recover in 60- 
75 minutes if left in Ringer's (227). 
F. Extracellular Stimulation and Intracellular Recording 

In these experiments whole muscles were mounted horizontally, with 
their inner surface uppermost, in Ringer's solution in a Lucite bath. 
This was done because the superficial surface is covered with a dense 
layer of connective tissue which hinders the insertion of microelec- 
trodes (8). For final mounting, the muscles were stretched approxi- 
mately 10% of slack length over a glass post and then attached firmly 
to the hooks at the two ends in the Lucite bath (Figure 5). 

The stretch subserved the following functions: 

(a) prevented damage to microelectrode tips and myofibre membrane 


upon movement of the muscle. 
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Figure 5: Diagrammatic illustration of the assembly used for 


extracellular stimulation and intracellular recording. 
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(b) minimized movement artifacts. 

The Lucite bath containing the muscles was then placed on a Lucite 
Stand underneath which there was a light source. This procedure al- 
lowed one to illuminate the muscles from below and view them from above 
with the aid of a binocular microscope (Wild-Heerbrugg, Switzerland). 

Groups of fibres were stimulated by an extracellular bipolar 
wire filled pore electrode connected to the "stimulator". On bringing 
the electrode in contact with a portion of the surface of the muscle 
(with the aid of a micromanipulator), the fibres being stimulated 
could be identified by their movement in response to stimuli. The re- 
cording microelectrode was then lowered into one of these fibres for 
the purpose of recording the various electrical parameters of the 
myofibre. Two msec square-wave pulses were used throughout for stim- 
ulation of the fibres. 

The recording electrode had an external tip diameter of less than 
0.5 microns and was filled with 3M KCl. Only microelectrodes having 
resistances of about 15-35 M2 were used. A solid state volt-ohm- 
microamp meter (Danameter, Dana Labs Inc., Irvine, California) was usea 
to measure the resistance of the microelectrodes. 

Movement of the recording microelectrode was controlled by a 
Prior micromanipulator. The electrode was held to a plastic arm at- 
tached to the manipulator by a chlorided silver wire used to connect 
the electrode to the amplifier. A small piece of rubber tubing around 
the silver wire held the shaft of the electrode, thus maintaining firm 
contact between the 3M KCl in the electrode and the wire. The refer- 
ence electrode consisted of a chlorided silver wire, formed into a 


spiral, and placed in the solution bathing the muscle. 
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The maximal rate of rise of the action potential was determined 
by electrical differentiation. This was achieved by introducing a 
capacitance (20 pico farads) into the output of the D.C. amplifier. 
This differentiating curcuit had a time constant of approximately 20 
usec and provided an output voltage proportional to the rate of change 
of the input (219). Calibration was achieved by feeding a sawtooth 
wave into the input of the differentiating circuit. The bath fluid 
was not removed during experimental testing, which took about 10 min- 
utes. Several myofibres were impaled at random and the resting mem- 
brane potentials, the normal and differentiated action potentials 
recorded. Oscilloscope records were captured on 35 mm film with a 
continuous recording camera and analyzed with the aid of a program- 
mable calculator. Action potentials and their first derivatives 
(dV/dt) were recorded from several fibres over limited time periods 
(usually 5-15 min) throughout the course of an experiment. In over 
90% of the periods recordings were from five to twelve fibres. Only 
when no excitable fibres were found was a value of 0 recorded for 
the time period. Otherwise inexcitable fibres were ignored in ob- 
taining means. 
G. Analysis 

The positive ionic current (I) leaving the fibre during the 
falling phase of the action potential was calculated from the max- 
imum rate of fall times the membrane capacitance (382). In making 
this calculation a specific membrane capacitance of 2.5 uF /cm? was 
used. The slope and intercept was calculated for each set of data 
assuming a linear regression model (Figure 44) and from this informa- 


tion a maximum rate of fall calculated at a constant action potential 
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size of 130 mV. For the calculations with morphine or propoxyphene 
alone the results obtained in the 90 and 120 minute recording per- 
jiods (Table 1) were used and for methadone the results from the 30 
and 60 minute recording periods were used. In all cases the results 
from the last 2 recording periods with agonist plus antagonist were 
used for the results in Table lc. 

Where necessary, the significance of the difference between two 
means was assessed with Student's t-test; a level of significance of 
P = 0.05 was used. 

In the course of this work the criteria listed by Kao and 
Nishiyama (218) for intracellular penetrations were adopted. These 
are: 

(a) sharp deflection on penetration to new d-c potential level 

(in the negative direction). 
(b) "cleanliness" of shift on reaching the new d-c level. 
(c) persistence of the new d-c level. 


(d) return to original baseline after withdrawing the electrode. 
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Vee RESULTS 

Typical recordings made with extracellular bipolar stimulating 
and recording electrodes are shown in Figure 6. The top figure re- 
presents a voltage drop across a 50K resistor and such a trace was 
used to calculate the threshold current. The bottom figure repre- 
sents a compound action potential. The distance between the stimu- 
lus artifact and the peak of the action potential was used in cal- 
culating the conduction velocity. 

Figure 7 represents a typical action potential recorded with 
intracellular microelectrodes. The action potential was electrically 
differentiated. Recordings such as this were used in obtaining values 
for the resting membrane potential, the action potential, the over- 
Shoot potential, the maximum rate of rise and the maximum rate of 
fatl: 

Control Experiments — 

(a) Studies with Extracellular Electrodes 

On exposure of the muscle strips to Ringer's solution, there was 


practically no change in excitability with periods up to 7 hours (Fig- 


ure 8). The excitability of these muscle strips was tested immediately 


after dissection and at every thirty minutes thereafter. Usually 3 to 
4 control responses of the "excitability" and the maximum amplitude of 
the compound action potential in Ringer's were obtained during each 
test. The mean of the initial control responses for each muscle pre- 
paration was used to calculate the per cent of control for the exci- 
tability and for the size of the compound action potential during sub- 


sequent treatment. 
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Typical recordings made with extracellular electrodes 
from frog sartorius muscle strips. Top figure repre- 
sents a voltage drop across a 50K resistor. Bottom 
figure shows stimulus artifact and compound action 
potential. 
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Figure 7: Typical electrically differentiated action potential 
recorded from frog sartorius muscle with inside-the- 
cell microelectrodes. 
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It can be seen that the size of the compound action potential 
decreased for the first 60 minutes after dissection. Concurrently, 
the threshold current needed to elicit this action potential increased. 
Thereafter, on continued exposure to Ringer's solution the magnitude 
of the compound action potential and the threshold currents returned 
to the initial level and remained relatively steady. 

Thus, for all drug experiments, employing extracellular elec- 
trodes we adopted 90 minutes after dissection as a necessary waiting 
period before commencement of experimentation. 

(b) Studies with Intracellular Electrodes 

In these experiments, we utilized extracellular stimulation and 
intracellular microelectrode recording. Control extracellular studies 
had indicated that after dissection a wait of 90 minutes was necessary 
before commencement of experimentation. However, in "intracellular" 
studies, whole sartorii muscles rather than muscle bundles were em- 
ployed and thus presumably any dissection injury was relatively small. 
Thus, a 60 minute wait was adopted as being a sufficient recovery time, 
before starting intracellular experiments. 

Figure 9 depicts the effect on the resting membrane potential 
when the muscles were exposed to Ringer's solution. The excitability 
of these muscles was tested 60 minutes after dissection and for every 
30 minutes thereafter. Usually 5-12 control responses of Ringer's 
were obtained during each test. The mean of the initial control re- 
Sponses for each muscle preparation was used to calculate the per 
cent change in the excitability, during subsequent treatment. As seen 


from Figure 9, on exposure to Ringer's solution the resting membrane 
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Figure 8: 
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70 


Threshold Current 


Action Potential 


60 120 180 240 300 360 420 
Time after Dissection (min) 


Control study of the maximum amplitude of the compound 
action potential and the threshold current with frog's 
sartorius muscles kept in Ringer's solution. Extracellu- 
lar recording. Means + standard error (S.E.) recorded 
for each test period. The results obtained in each 
experiment were calculated separately, the values at 30 
minute intervals obtained from the results, the means 

+ S.E.M. calculated and used to produce the graph shown. 
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Figure 9: 


120 240 360 
Ringer’s ( min ) 


Control study of the resting membrane potential recorded 
with intracellular microelectrodes. Muscles kept in 
Ringer's, n=3 muscles. For each muscle 6 to 10 resting 
potentials were recorded at each test and a mean for the 
muscle calculated. Means + S.E.M calculated from the 
muscle means are plotted. 
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potential (RMP) remained steady and relatively unaltered. This in- 
dicates that the experimental conditions employed did not alter or 
affect the RMP with time. 

As shown in Figure 10, there was no significant change in the 
action potential maximum rate of rise during exposure to Ringer's for 
up to 6 hours. Similarly the results presented in Figure 11 show 
that there was no significant change in the maximum rate of fall 
during exposure to Ringer's solution. We thus conclude that the 
experimental conditions employed in this study, do not by themselves 
alter excitability parameters in frog sartorius muscles. 

Extracellular Studies 

(a) Propoxyphene - HCl 

Exposure to increasing concentrations Of (30 minutes at aa con- 
centration) propoxyphene - HCl increased the threshold current and 
decreased the action potential amplitude and conduction velocity 
(Figure 12). This effect increased with increasing concentrations of 
propoxyphene. 

Figure 13(a) shows the effect of increasing concentrations of 
propoxyphene on the maximum amplitude of the compound action poten- 
tial. When the muscles were allowed to recover in Ringer's after 
treatment with the highest concentration of propoxyphene, on sub- 
sequent exposure to the same concentrations of propoxyphene plus 
a low concentration of naloxone there was a significant increase 
in the compound action potential. Thus, naloxone at concentration 
3 x 107M antagonized the depressant effects a propoxyphene HCl. 


The effects on the threshold current and conduction velocity from 
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Figure 10: 


60 120 180 240 300 
Ringer's (min) 


Control study of the action potential maximum rate of rise 
recorded intracellularly. Muscles kept in Ringer's, n=3 
muscles. For each muscle 6 to 10 recordings were made at 
each test and a mean for the muscle calculated. Means + 
S.E.M. calculated from the muscle means are plotted. 
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Figure 11: 


60 120 180 240 300 
Ringer’s (min) 


Control study: of the action potential maximum ratecot falls) 


recorded intracellularly. Muscles kept in Ringer's, n = 3 
muscles. For each muscle 6 to 10 recordings were made at 
each test and a mean for the muscle calculated. Means + 
S.E.M. calculated from the muscle means are plotted. The 
results obtained in Figures 9, 10, 11 were obtained ina 
single set of experiments. 
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Figure 12: Effects of various propoxyphene concentrations on 
extracellularly recorded action potentials of frog's 


Sartoviussmuscie strips. »Means 2 S.E.M.: n = 35. 
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Propoxyphene HCI (x10 °M) 


Naloxone (3 x 107/M) antagonism of the depressant effects 
of propoxyphene on the extracellularly recorded action 
potential of frog's sartorius muscle strips. In A, mean 
+ S.E.M.: @—e, propoxyphene (P) alone;O----O, P plus 
naloxone (N). In B, mean + S.E.M.: o——o, threshold cur- 
rent - P alone; e----@, threshold current - P + N; - 
A—/\; conduction velocity - P alone; &----4&, conduc- 
tion velocity - P + N. *, means with and without nal- 
oxone significantly different at p = 0.05. Results from 
experiments with 5 muscle strips all exposed to the 6 drug 
combinations. A paired t-test was conducted. 
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the same experiments are shown in Figure 13(b). Naloxone antagonized 
the effects of propoxyphene, but under the conditions of these experi- 
ments this antagonism was statistically significant only at the two 
higher propoxyphene concentrations. 

It was found that during a prolonged exposure to a single low 
concentration of propoxyphene there was a progressive decline in the 
maximum amplitude of the compound action potential with time (Figure 
14). In similar experiments, it was found that when a low concentra- 
tion of naltrexone was added to the bathing medium at about 120 min- 
utes, the depression in the maximum amplitude of the compound action 
potential elicited by propoxyphene HC1, was significantly antagonized. 

As shown in Figure 15 a prolonged exposure to a single low con- 
centration of propoxyphene produced a progressive decline in the max- 
imum amplitude of the compound action potential. A low concentration 
(1077M) of meperidine added to the bathing medium at 60 minutes did 
not antagonize the depression in the maximum amplitude of the com- 
pound action potential elicited by propoxyphene. 

(b) Methadone - HCl 

As shown in Figure 16, methadone ieredacne threshold current 
and concurrently depressed the action potential, the excitability and 
conduction velocity. This effect became more pronounced with increas- 
ing concentrations of methadone. 

Figure 17 illustrates the effect of methadone on the conduction 
velocity. As indicated above, there was an increasing depression in 
conduction velocity with increasing concentrations of methadone. How- 


ever, when these same muscle strips were allowed to recover in Ringer's 
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Figure 14: 


Oo 


oz) 
fo) 


Max. Amplitude (% of Control) 


+ Naltrexone (10 ’M) * * = 


; ie a 


0 120 - 240 360 
Exposure to 3x10 M Propoxyphene (min) 


Effect of a low propoxyphene concentration (3 x 107°M) 
on the maximum amplitude of the compound action potential 
of frog's sartorius muscle strips and the antagonistic 
effect of naltrexone (10°/M). Results from experiments 
with6 muscles; 3 with propoxyphene alone (@) and 3 
with propoxyphene plus naltrexone (6). All muscles ex- 
posed to propoxyphene at time 0. Naltrexone added be- 
tween 100-120 minutes. The results obtained and plotted 
as in Figure 8. Means + S.E.M. *, means with and 
without naltrexone significantly different at p = 0.05. 
An unpaired t-test was conducted. 
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Figure 15: 
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Meperidine (10M) 


60 120 I80 240 
Time (min) 


Lack of an antagonistic effect of meperidine on the 
depressant effects of propoxyphene (1075M) on the 
extracellularly recorded compound action potential 
Ofsteodes sartoriussmuscle strips. ‘Means 2%5-E.M: 
0, propoxyphene alone (n = 3); @, propoxyphene plus 
meperidine (n =3). All muscles exposed to propoxy- 
pene at time 0. Meperidine added at 60 minutes. 
n unpaired t-test was conducted. 
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Figure 16: 
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—_ > > 0 Excitability 


Conduction Velocity 


3 Gay a. 
Methadone HCl { x10" M) 


Effects of various concentrations of methadone on extra- 
cellularly recorded action potentials of frog sartorius 
muscle strips. Results calculated and plotted as in 
Figure 8 n=6,means + S.E.M. 
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Figure 17: Naloxone (10° 7M) antagonism of the depressant effects 


of methadone on the conduction velocity of frog's 
sartorius muscle strips. Means + S.E.M. e, methadone 
alone;() , methadone plus naloxone. Results from ex- 
periments with 3 muscles all exposed to the 6 drug 
combinations. Results plotted as in Figure 8. , 
means with and without naloxone significantly different 
at p = 0.05. A paired t-test was conducted. 
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and then re-exposed to the same concentration of methadone, it was ob- 
served that naloxone significantly antagonized the depressant effect 
of methadone. 

When muscles were exposed to a single low concentration of metha- 
done (Figure 18), the maximum amplitude of the compound action poten- 
tial was increasingly depressed with time. However, in similar ex- 
periments, on addition of naltrexone (107/M) at approximately 90 mins 
to the bathing medium, we found that this low concentration of nal- 
trexone could significantly antagonize the depressant effect of metha- 
done on the compound action potential. 

In general, the effects produced by methadone on the various 
excitability parameters of the frog skeletal muscle were qualitatively 
very similar to those produced by propoxyphene when using the extra- 
cellular electrode techniques. 

(c) Morphine - HC 

Figure 19 illustrates the effects of morphine on the threshold 
current, the action potential and the conduction velocity in the frog 
sartorius muscle. The threshold current increased and the action po- 
tential and conduction velocity decreased upon exposure to morphine. 
This effect became more pronounced with increasing concentrations of 
morphine HCl. 

The effect of morphine on the conduction velocity is shown in 
Figure 20. There was a marked depression in the conduction velocity 
with increasing concentrations of morphine HC]. When these same 
muscles were allowed to recover in drug free Ringer's and then exposed 


to the same concentrations of morphine plus a small concentration of 
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Figure 18: 
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Effect of a low methadone concentration (3 x 10 °M) on 


the maximum amplitude of the compound action potential of 
frog's sartorius muscle strips and the antagonistic effect or 
naltrexone (10 7M). Results from experiments with 6 

muscles; 3 with methadone alone (@) and -3 with methadone 

and methadone plus naltrexone (§). All muscles exposed 

to methadone at time 0. Naltrexone added between 100-120 
minutes. The results obtainedand plotted as in 

Figure 8. Means + S.E.M. *, means with and 

without naltrexone significantly different at 

p = 0.05. An unpaired t-test was conducted. 
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Figure 19: 


Threshold Current 


™ ™ © Conduction Velocity 


Morphine HC! (x10 °M) 


Effects of various concentrations of morphine hydrochloride 
on extracellularly recorded maximum amplitude of compound 
action potentials in frog sartorius muscle strips. n= 6 
means + S.E.M. Results obtained and plotted as in Figure 
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Figure 20: 
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Naloxone (3 x 10 7M) antagonism of the depressant effects 
of morphine hydrochloride on the compound action potential 
Of frog Sesancorius muscle Strips. = Means 2S °b M2 @, 
morphine alone; , morphine plus naloxone. n =3 muscles. 
All 3 muscles exposed to the 6 drug combinations. *, 
means with and without naloxone, significantly different 


at p = 0.05. A paired t-test was conducted. 
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naloxone, the addition of naloxone significantly antagonized the de- 
pressant effects of morphine on the conduction velocity. 

Figure 21 shows the effect produced by a single concentration of 
morphine on the compound action potential. With time, the maximum 
amplitude of the compound action potential became increasingly de- 
pressed. When a small concentration of naltrexone was added at ap- 
proximately 90 minutes to the bathing medium, it significantly antago- 
nized the depressant effects of morphine on the compound action po- 
tential. In contrast to the results observed with propoxyphene and 
methadone the antagonistic effect only became apparent 120 minutes 
after the addition of the antagonist. 

(d) Meperidine - HC] 

The effects of 3 meperidine concentrations (Figure 22) were 
tested by themselves and in the presence of naltrexone. With increas- 
ing concentrations the effect of meperidine became more pronounced. 
Naltrexone antagonized the effects of the 2 lower doses but not those 
of the largest dose of meperidine. 

In another type of experiment muscle bundles were continuously 
exposed to-a low concentration of meperidine (107"M) either with or 
without naltrexone (1077), Figure 23. In all tests, after the initial 
control responses were obtained, the muscles were placed in a solution 
with only meperidine at time 0. In 4 experiments the muscles remained 
in this solution except when testing the electrical response. In the 
rest of the experiments the muscles were placed in a solution contain- 
ing the same meperidine concentration plus naltrexone at time 60 min- 


utes and remained in this solution. With this meperidine concentration 


is 30 bubbe jena sane fee TO matdvaneanad (ome ie 
epeine ylineahhrighe ot aml baa patidad: ort of perry 

uy AOlI2e bmMOgEes sey al ances 19 etya7te Ke 

hop viemmtingragarg #5 hw lve Spage98 tilt a ot semvdnog at ota 
mane Bit Varies ai fg 4g Psa Tiere strategie! 

ab orn to wots) She. ia 

| prrapeimedsy 

F vont (38 vai nalgerna site inthissaer & Fy <oetie ade a 
ee ae bes) fe damn ded ae 


ie STURN NRE apn’: Got nents dowte odd, rot arene ah, 

sagt hl ee pba) Sara 5. “i ina, ats fen kia sone tait) a 

et: Loo! bh berm x Meith Senge se ale 

Ef enaiaerl sets ie eaihpud sion dont snga, Ya eayd! ‘yittone ft, ‘a 

an é70w ents ‘ated seth! aque fo nebtavseugags wos rar borage | 
ee me suerte 

| aor rules G nt igetq’ mame i -tentendo Saw orniqen? tetsnon: seid 

woot achey 26! Grim Git). gems! regiig Bal ee ie y 

Se an ee he oe ey ane 

“iV ntihge ah ad ea bosala aad bee anid, ‘aol 


ey - 
if j 


Max. Amplitude (% of Control) 


Figure 2l: 


120 
+ Naltrexone (10° M) 
* * 
100 { foie te 
80 
60 
40 
0 120 es 240 360 
Exposure to 1.25x10 M Morphine ( min) 
Effect of a single morphine HCl concentration (1.25 x 


1073M) on the maximum amplitude of the compound action 
potential of frog's sartorius muscle strips and the 
antagonistic effect of naltrexone (107’M). Results from 
experiments with 6 muscles; 3 with morphine alone (2) 
and 3 with morphine and morphine plus naltrexone (6 ). 
All muscles exposed to morphine at time 0. Naltrexone 
added between 70 to 90 minutes. The results obtained 
and plotted as in Figure 8. Means + S.E.M. *, means 
with and without naltrexone significantly different 

at p = 0.05. An unpaired t-test was conducted. 
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Figure 22: 
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| 0 3 4 
Meperidine HCI(xl0 M) 


Naltrexone (10 7M) antagonism of the meperidine depression 
of the maximum amplitide of the compound action potential 
of frog's sartorius muscles. Means + S.E.M.: e, meperidine 
alone; 0, meperidine plus naltrexone (n = 3). Muscles all 
exposed to the 6 drug combinations. *, means with and 
without naltrexone significantly different at p = 0.05. 


A paired t-test was conducted. 
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Figure 23: 


-7 
Naltrexone |O M O—o 
! | * * 7 F * * 


60 120 180 240 
Time (min) 


Effect of a relatively low meperidine concentration (107M) 
on the maximum amplitide of the compound action potential 
of frog's sartorius muscles and the antagonistic effect 

of naltrexone. Results from experiments with 6 muscles; 
means + S.E.M. 3 with meperidine alone (e) and 3 with 
meperidine plus naltrexone (o). All muscles exposed to 
meperidine at time 0. Naltrexone added at 60 minutes. 

*, means with and without naltrexone significantly dif- 
ferent at p = 0.05. An unpaired t-test was conducted. 
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(1074m) there was a slow but gradual decrease in the compound action 
potential. When naltrexone was added to the bathing solution at 60 
minutes, the depression in the amplitude of the compound action po- 
tential due to meperidine was significantly antagonized. 

Similar experiments conducted with meperidine and dextromethorphan 
and meperidine and propoxyphene are shown in Figures 24 and 25 respec- 
tively. In both cases single low concentrations (1074 Oecd x 1074) 
of meperidine produced a progressive decline in the maximum amplitude 
of the compound action potential, which could not be antagonized by 
‘adding at 60 minutes either dextromethorphan (107/M) Or propoxyphene 
(1077) to the solution bathing the muscles. 

(e) Naloxone - HC] 

The effects of various concentrations of naloxone on excitability 
are shown in Figure 26. 

With 30 minute exposures up to a concentration of 3 x 10-/M, nal- 
oxone did not produce any observable depressant effects. However, with 
higher concentrations, there was an elevation in the threshold current 
and a concurrent decrease in the conduction velocity and the maximum 
amplitude of the compound action potential. This indicated that nal- 
oxone is a partial agonist with a very low intrinsic activity, in this 
preparation. 

The effects of a low concentration of naltrexone (another opiate 
antagonist) on the agonist effects of high naloxone concentrations were 
investigated. The results of this study are shown in Figure 27. With 
increasing concentrations of naloxone, there was an increasing eleva- 
tion in the threshold current and a decrease in the maximum amplitude 


of the compound action potential. When these muscles were allowed to 
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Figure 24: 


DMHBr (10M) 


60 120 I80 240 
Time (min) 


Effect of low meperidine concentrations, (e, 10 *M; and 
my, 2x 107'M, respectively) on the maximum amplitide of 
the compound action potential of frog's sartorius muscles 
and the lack of antagonistic effect of dextromethorphan 


(DMHBr) on the depression elicited by 1074M meperidine (0). 


n= 9muscles; 3 with meperidine 10-4M (e), 3 with 
meperidine 2 x 1074M (gg) and 3 with meperidine (107*M) 
and meperidine plus DMHBr(o). All muscles exposed to 
meperidine at time 0. DMHBr added at 60 minutes; means 
+ S.E.M.. An unpaired t-test was conducted. 
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Figure 25: 


Propoxyphene ( OM ) 


60 120 180 240 
Time (min) 


Lack of an antagonistic effect of propoxyphene on the 
depressant effects of meperidine (10°*M) on the extra- 
cellularly recorded compound action potential of frog's 
sartorius muscle strips. Means + S.E.M. @, meperidine 
alone (n = 3). 0, meperidine plus propoxyphene (n = 3). 
All muscles exposed to meperidine at time 0. Propoxyphene 
added at 60 minutes. An unpaired t-test was conducted. 
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Figure 26: 


Naloxone HCI ( M) 


Effects of various naloxone concentrations on extra- 
cellularly recorded compound action potentials of frog 
sartorius muscle strips. n = 3, means + S.E.M. Results 
obtained and plotted as in Figure 8. e@....@, threshold 
current; @——@, maximum amplitude of compound action 
potential; e---@, conduction velocity. 
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Figure 27: 


% of Control 


Threshold 


Compound 
Action potential 


0 0.25 0.5 0.75 | 
Noloxone HCI (x 10M) 


Antagonistic effect of a low concentration (10° 7M) of 
naltrexone on the action potential depression produced 
by high concentrations of naloxone, in frog sartorius 
muscle strips. Extracellular recordings. o—1~, nal- 
oxone alone;(]----O), naloxone plus naltrexone (10-7’M). 
Means + S.E.M. n=3. A113 muscles exposed to the 6 
drug combinations. *, means with and without naltrexone 
Significantly different at p = 0.05. A paired t-test 
was conducted. 
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recover in drug-free Ringer's and subsequently exposed to the same con- 
centrations of naloxone plus a low concentration of naltrexone (107/M), 
naltrexone significantly antagonized the depressant effects of high 
concentrations of naloxone. 

(f) Naltrexone - HCI 

Figure 28 shows the effects of a range of naltrexone concentra- 
tions on conduction velocity. Up to a concentration of 107°M, nal- 
trexone (30 minute exposures) was without any marked effects on con- 
duction velocity. However, at higher concentrations, naltrexone pro- 
duced excitability depression. Thus, naltrexone like naloxone, was 
found to be a partial agonist with a low intrinsic activity. 

The depressant effects of high concentrations of naltrexone could 
not be antagonized by employing antagonistic concentrations of nal- 
oxone. This is shown in Figure 29. With increasing concentrations of 
naltrexone there was an elevation in the threshold current and a con- 
current decrease in the maximum amplitude of the compound action po- 
tential. When these muscles were allowed to recover in drug-free 
Ringer's solution and then reexposed to the same concentrations of 
naltrexone plus an antagonistic concentration of naloxone, it was ob- 
served that naloxone did not antagonize the depressant effects of 
high concentrations of naltrexone. 

(g) Procaine - HC] 

In Figure 30 are shown the effects of procaine on excitability in 
the frog sartorius muscle. With increasing concentrations, procaine's 
depressant effects became more pronounced, 

Figure 31, shows the effects of three concentrations of procaine 


with and without antagonistic concentrations of naloxone on the maximum 
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Figure 28: Effect of various naltrexone concentrations on the 
conduction velocity of frog's sartorius muscle strips. 
n = 6 muscles, means + S.E.M. Means obtained as 
described in Figure 8. 
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Figure 29: 
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0 05 
Naltrexone HCI (x10 °M) 


Lack of an antagonistic effect of naloxone (1077M) on 
the depressant effects of naltrexone, on the extracel lu- 
larly recorded compound action potential of frog's 
sartorius muscle strips. Means + S.E.M. Threshold 
current: & , naltrexone alone; O) , naltrexone plus 
naloxone. Compound action potential: e, naltrexone 
alone; 0, naltrexone plus naloxone. n=3. All 

muscles exposed to the 6 drug combinations. A paired 


t-test was conducted. 


Figure 30: 


190 


Threshold Current 


150 


110 


% of Control 


70 
> e Excitability 


Conduction Velocity 


30 Action Potential 


l 3 5 7 
Procaine HCI (x10 °M) 


Effects of various concentrations of procaine hydro- 
chloride on extracellularly recorded maximum ampli- 
tude of compound action potentials in frog sartorius 
muscle strips. n=6, means + S.E.M. Results obtained 


and plotted as in Figure 8. 
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Max. Amplitude of Compound Action Potential (% of Control) 
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2 4 6 8 
—- 
Procaine HCI (x10 M) 


Lack of an antagonistic effect of naloxone (3 x 1077M), 
on the depressant effects of procaine on the extracel lu- 
larly recorded compound action potential of frog's 
sartorius muscle strips. Means + S.E.M. e, procaine 
alone; 0, procaine plus naloxone. n =3. Although 

not indicated in the figure, the means with and with- 


out naloxone are not significantly different at p = 0.05. 


A paired t-test was conducted. 
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amplitude of the compound action potential. The addition of 3 x 1077 
naloxone, neither augmented nor antagonized the effects produced by 
procaine. Similar results were obtained for the conduction velocity 
(Figure 32). 

Similar experiments were conducted using a low antagonistic con- 
centration of naltrexone. As shown in Figure 33(a) and (b), naltrexone 
(1077M) did not antagonize the depression in the conduction velocity 
the threshold current or the maximum amplitude of the compound action 
potential, produced by procaine HCl. 

(h) Dextromethorphan - HBr 

When Sartorius muscle bundles were exposed to dextromethorphan 
concentrations of 107M or higher the maximum amplitude of the com- 
pound action potential was depressed. The dose-response curve ob- 
tained with 60 minute exposures to dextromethorphan is shown in 
Figure 34. 

The effects of 3 dextromethorphan concentrations (Figure 35) were 
tested by themselves and in the presence of naloxone. Dextromethor- 
phan in increasing concentrations progressively increased the thres- 
hold current and decreased the maximum amplitude of the compound 
action potential respectively. Naloxone (10-/M) could not antagonize 
the depressant effects of dextromethorphan on either the threshold 
current or the maximum amplitude of the compound action potential. 

(i) Tetrodotoxin 

The effects of various concentrations of tetrodotoxin on the 
maximum amplitude of the compound action potential are shown in Figure 


36. Concentrations of tetrodotoxin, 5 x 1072M or higher produced a 
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Conduction Velocity (% of Control) 


Eigure.32; 


2 4 6 8 
Procaine HCI (x10 M) 


Lack of an antagonistic effect of naloxone (3 x 10°/M), 
on the depressant effects of procaine on the conduction 
velocity of frog's sartorius muscle strips. Means + 
S.E.M. @, procaine alone; 0, procaine plus naloxone. 


n = 3. A113. muscles exposed to the 6 drug combinations. 


Although not indicated in the figure, the means with 
and without naloxone are not significantly different 
at p = 0.05. A paired t-test was conducted. 
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Figunevs3: 


Lack of an antagonistic effect of naltrexone (10-/M) on 

the depressant effects of procaine on the extracellularly 
recorded action potential of frog's sartorius muscle 
strips. In A, conduction velocity, mean + S.E.M.: @---e, 
Procaine (Pro) alone; e——e, Pro + Naltrexone (N). In B, 
Mean + S.E.M.: upper lines, threshold current; lower lines 
action potential maximum amplitude; e—e, Pro only,O---O, 
Pro + N. Results from experiments with6 muscle strips 

all exposed to the 6 drug combinations. In no case did the 
addition of Naltrexone significantly change the mean at 

p = 0.05. A paired t-test was conducted. 
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Figure 34: Effects of various concentrations of dextromethorphan on 
the maximum size of the compound action potential of frog 
Sartorius muscle strips. Each mean and standard error was 
calculated from the mean responses of each of 3 prepar- 
ations. 
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Figure 35: 
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0 | Va F ee 
Dextromethorphan HBr (x10 M) 


Lack of an antagonistic effect of naloxone (107 /M) on the 
depressant effects of dextromethorphan (DMP) on the extra- 
cellularly recorded compound action potential of frog's 
Santowiusemusclierstri 0S. =Neansargoue mM. | Thresnold current: 
Z\, DMP alone; Ay, DMP plus naloxone. Compound action poten- 
tial: o, DMP alone; e, DMP plus naloxone. n=3. AI1 mus- 


cles exposed to the 6 drug combinations. A paired t-test 
was conducted. | 
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Figure 36: 
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“ lO = 15 20 
Tetrodotoxin (x10 M) 


Effects of various concentrations of tetrodotoxin on the 
maximum size of the compound action potential of frog 
sartorius muscle strips. Each mean and standard error 
was calculated from the mean responses of each of three 
preparations. 
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Figure 37: 


Naltrexone 1O°M oa=e, 


Na ae mM 4--4 


a * * * 


* * x* 
es te 


60 120 80 240 300 
Time (min) 


Effect of a relatively low tetrodotoxin (TTX) concentra- 
tion (7.5 x 102M) on the maximum amplitude of the com- 
pound action potential of the frog's sartorius muscles 

and the antagonistic effect of Na (170 mM) and Naltrexone 
(10-8M) respectively. Results from experiments with 9 
muscles; means + S.E.M.: 3 with TTX alone (e), 3 with TTX 
plus Na (44) and 3 with TTX plus naltrexone. Na or nal- 
trexone added between 60-90 minutes. *, means with and 
without Na significantly different at p = 0.05. An unpaired 


t-test was conducted. 
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Figure 38: 


Antagonism by naloxone or naltrexone of the second phase 
of the biphasic depression of the action potential maxi- 
mum rate of rise in frog sartorius muscle fibres produced 
by some opiate agonists. e, agonist alone (10°3M morphine 
in A; 1074M methadone in B; and 10-°M propoxyphene in C); 
©, agonist + 1077M naloxone; 0, agonist + 3 x 1077M 
naloxone; 1, agonist + 1077M naltrexone; A\, agonist + 
10°-8M naltrexone. Agonist added to the solution bathing 
the muscle at time 0 and antagonist added immediately 
following the recording period indicated by the arrows. 
The number of muscles (ny) for the agonist alone: 8 in A; 
7 in B to 60 minutes and 3 thereafter; and 9 in C. In A: 
and o, two muscles each; in B:© andA\, 2 muscles 
each; and in C: o andO) , 1 muscle each; and, 2 muscles. 
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progressive decline in the amplitude of the action potential. 

In another series of experiments muscle bundles were continuously 
exposed to a low concentration of tetrodotoxin (7.5 x 1079 M) either 
with naltrexone (1078 M) or excess sodium (170 mM) or without any of 
the latter two drugs. The results obtained ane exposures up to 300 
minutes are presented in Figure 37. In all tests, after the initial 
control responses were obtained, the muscles were placed in a solu- 
tion with only tetrodotoxin at time 0. In 5 of the experiments the 
muscles remained in this solution except when testing the electrical 
response. In the rest of the experiments the muscles were placed in 
a solution containing the same tetrodotoxin concentration plus either 
sodium or naltrexone at time 60 minutes and remained in this solution. 

With this tetrodotoxin concentration (7.5 x 1079 M) there was a 
progressive decrease in the maximum amplitude of the compound action 
potential. Naltrexone (10-8 M) when added at 60 minutes did not 
antagonize this decrease in the amplitude of the action potential. 
Sodium (170 mM) added at 60 minutes significantly antagonized the 
depression in the compound action potential amplitude. 

Concentrations Required to Produce 50% Change 

The concentrations of some drugs required to produce a 50% change 
are shown in Table 2. | 

Intracellular Studies 

(a) Morphine, Methadone, Propoxyphene and Sodium Conductance 

Several experiments were conducted using 1073 M morphine (Figure 
38a); 1074 M methadone (Figure 38b); 107° M propoxyphene (Figure 38c); 
either with or without the addition of faa beone or naltrexone. The 


effects produced on the maximum rate of rise of the action potential 
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by these drugs are summarized graphically in Figure 38. With each 
Of the three opiate agonists used in these experiments a concentration 
was found which produced a biphasic decline in the action potential 
maximum rate of rise (Figure 38). When naloxone or naltrexone was 
added at the points indicated by the arrows, its effect was to antago- 
nize only the second phase of the agonist depression (Figure 38), in- 
dicating a fundamental difference in the mechanisms producing the two 
phases. The opiate agonists differed only in the concentrations re- 
quired to demonstrate this biphasic decline and in the time course of 
their effects. 

(b) Naloxone 

The effects of a single low antagonistic concentration of nal- 
Oxones (3.x 10-/M) on the maximum rate of rise were investigated. As 
shown in Figure 39, naloxone at a concentration of 3 x 10°/M produced 
a progressive decrease in the maximum rate of rise. 

Figure 40 shows the effect produced by a high concentration 
(1079) of naloxone on the action potential maximum rate of rise. 
With increased exposure time the maximum rate of rise was increasingly 
depressed. In contrast to the effects observed with opiate agonists, 
the depression in the maximum rate of rise appeared to be monoonasic. 
When a low concentration (10-7) of naltrexone was present in “he 
bathing medium with the naloxone at the start of the experiments, 
naltrexone significantly reduced the depression in the maximum rate 
of rise. 

(c) Naltrexone 

Aqdreedl shows the effects of a single low antagonistic concen- 


tration of naltrexone (3 x 10 8M) on the action potential maximum rate 


dal - a nes seme 
eats a Seba Pe ind 


a, 


nl eethaeswe 4 es xs 
7 Th om” = i” o= 
Mitnsteg enldae phe Ht. aot gk elaaiats 4 
) re > wr @}) 5 Ae 
s 
I a : 
. WORST ng. 4 
‘ ha ~» © h¢ ert - 
. 7 
oa #00 
, 5 
+ 048) 
s <a ” 
» or ree ri 
} 
- = 
ig t ' f ay | 


) merttextingiyg wat § 
7 


7 ‘Geol ey & gy" ity — _ { 
\? 4 ih ; ) f°) al i, ae vy fey? inhi 2! — FA] vi 


mn | p 1 
ia 


. i v in eo 
me plewwg an ohn pepe wo! SiuATR ~ ‘te afar Sh Twone Ss 
i Th . PP f 

‘ale ve vibe Bie shal ‘ wilt _, aa ad anon ti} 


> 
h : : i my vd 

ey y 7 | ; | Pe | ee 4 

7 7 i : vn i ) ; 


Table 2 The concentrations of some drugs required to produce a 50% 
decrease in the conduction velocity (Cond Vel) and maximum 
amplitude (Max Ampl) and a 50% increase in the threshold 
current (Thres Cur) for extracellularly recorded, compound 


action potentials in frog's sartorius muscle strips. n, 


number of muscle strips tested. 


CONCENTRATION (M) REQUIRED TO PRODUCE 50% CHANGE 


Drug Max Amp] Cond Vel Thres Cur 
Morphine HC] 4.3+0.9x10° 3 3.8+0.9x1073 162 0e/x10e 
Methadone HC] >6.0 x108> 6G Oxo me 3.6+0.8x107° 
Propoxyphene HC] 4.7+0.6x107° 4.1+0.8x107° 2.2+0.6x107° 
Meperidine HC] 4.6+ x1074 — — 
(from Frank, 196) 

Dextromethorphan >1.0 anere za x] Ome 0.5+0.4x10™4 
Naloxone 7.5£1./x10°° 2.3+0.2x1073 1-520. 1x107 
Naltrexone SR ote SNCS ey (OL Or Sls Sah 


Procaine HC] 
Tetrodotoxin 


4.8+1.9x1074 
1.6+0.4x1078 


6.3+1.4x1074 
S220 x1078 


5 8+] 3x10" 
>1.9 x10 8 
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Figure 39: Effects of a single low antagonistic concentration 
(3 x 10°7M) of naloxone on the action potential max- 
imum rate of rise of frog's sartorius muscle fibres. 
Means + S.E.M. Curves plotted as described in Figure 
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Figure 40: Antagonistic effect of a low concentration (1077M) of 
-~ naltrexone on the decrease in the intracellularly re- 

corded action potential maximum rate of rise produced 
by a high concentration (1073M) of naloxone. Means + 
S.E.M. Results from experiments with 6 muscles, 3 ex- 
posed to naloxone alone (9), and 3 exposed to naloxone 
plus naltrexone (A). *, means with and without naltrexone, 
Significantly different at p = 0.05. An unpaired t-test 
was conducted. 
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Figure 41: Effects of a single low antagonistic concentration of 
naltrexone (3 x 1078M) on the action potential maximum 
rate of rise of frog's sartorius muscle fibres. n = 3, 
oes + S.E.M. Results obtained and plotted as in Fig- 
ure o. 
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of rise. As can be seen from Figure 41, there was a progressive de- 
cline in the maximum rate of rise of the action potential, on exposure 
to naltrexone (3 x 1078M). 

In another type of experiment muscles were continuously exposed 
to a single concentration of naltrexone (5 x 1074m) either with or 
without naloxone (107M). The results obtained with exposures to 240 
minutes are presented in Figure 42. With this naltrexone concentra- 
tion (5 x 1074M) there was a progressive and a monophasic decrease in 
the maximum rate of rise. In experiments in which naloxone (107/M) 
was present also, the decrease in the maximum rate of rise due to 
naltrexone could not be antagonized or be prevented. 

Extracellular Sodium and Sodium Conductance 

Figure 43 shows the effect of extracellular sodium concentration 
on the depressant effects of various drugs on the maximum rate of 
rise of the action potential. In every case in Figure 43 the drug 
appears to depress the maximum rate of rise, this effect becoming 
more pronounced with decreasing sodium concentrations. Also in every 
case in Figure 43 increasing the extracellular sodium appears to 
antagonize the depressant effect of the drug on the max imum rate of 
rise, again this effect becomes more pronounced with increasing 
extracellular sodium concentration. There also appears to be a linear 
relationship between the extracellular sodium concentration and the 
maximum rate of rise, of the action potential. | 


Effects on the Potassium Conductance 


It has been shown that there is a linear relation between the 
action potential size and the action potential maximum rate of fal] 


(56). When a drug reduced gk it displaces this linear relation to 
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higher action potential values without significantly changing the 
Slope of the line. An effect of this type produced by methadone is 
illustrated in Figure 44. Antagonistic concentrations of naloxone 
(107/M) did not appear to have any effect on the depression in gK 
produced by methadone. 

In order to compare the effects produced by the various drugs and 
drug combinations, linear regression curves were calculated for each 
experiment and condition. From these curves a maximum rate of fall 
was determined at a standard action potential size of 130 mV. The 
values thus obtained were used to calculate the change in inward 
current alia) Results obtained in the present study are listed in 
Table 1. The three agonists, employed in the concentrations required 
to produce a biphasic decline in gNa, produced about the same re- 
duction in gK (35-37%). 

The addition of antagonistic concentrations of naloxone or nal- 
trexone produced inconsistent changes in gk. Thus gk was further 
reduced when the antagonist was added to methadone, it was increased 
when the antagonist was added to propoxyphene, and it was unchanged 


in the tests with morphine. 
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Figure 42: 
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Lack of an antagonistic effect of naloxone (10°7M) on the 
depressant effects of naltrexone (5 x 107*M) on the action 
potential maximum rate of rise. Means + S.E.M. e, nal- 


trexone alone (n = 3); 0, naltrexone plus naloxone (n = 3). 


An unpaired t-test was conducted. 
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Figure 43: 


Effect of extracellular sodium concentration and of 
various CNS depressant drugs on the maximum rate of 
rise of intracellularly recorded action potentials 
from the frog's sartorius muscle fibres. In each 
case, upper curve, Ringer's solution without drug; 
lower curve, with drug. Drug concentrations indicated 
on the right for each graph. In every case, mean and 
standard error derived from the mean values obtained 
in each of 3 Separate preparations. The maximum 
rate of rise is expressed as a percentage of control 
for all graphs. A paired t-test was conducted. 
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Methadone and methadone plus naloxone effects on the 
action potential maximum rate of fall. Methadone. 
10-4M placed in the solution bathing the muscle at 
time 0 and naloxone, 10-’M at 65 minutes. e, pre-drug 
controls; QO , 25-35 minutes and 55-65 minutes; @ , 
145-155 minutes and 175-185 minutes. Slopes signifi- 
cantly different from 0 at p = 0.05. 
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VI. DISCUSSION 

Direct electrophysiological investigations of the electrical 
properties of the in vitro preparation have considerable advantages 
over in vivo studies, in that the modification of the electro- 
physiological measurements following treatment with depressant drugs, 
allows not only more precise comparisons of the potencies, efficacies 
and affinities of a variety of different compounds, but can also help 
to elucidate the mechanism involved in the excitability block at the 
cellular level. 

Studies with extracellular electrodes showed that increasing 
concentrations of propoxyphene, methadone, morphine, meperidine, 
dextromethorphan, naloxone, naltrexone, tetrodotoxin and procaine, 
caused a progressive depression of the maximum amplitude of the com- 
pound action potential and the excitability of the muscle fibres. 
Intracellular recordings from individual cells showed that all these 
drugs produced a depression in the membrane excitability, as indicated 
by the decrease in the maximum rate of rise. The resting membrane 
potential, however, remained unchanged. 

The increase in membrane sodium conductance which follows an 
adequate depolarization of the fibre membrane is a major factor in 
determining the rate of rise of the action potential and the maximum 
amplitude of the action potential (10, 28). This is consistent with 
the two relationships pointed out by Hodgkin and Katz (219, equations 
3 & 8.1) and thus the assumption has been made here that the maximum 
rate of rise of the action potential is proportional to the sodium 
permeability of the membrane during the rising phase of the action 


potential. 
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The results discussed above, interpreted in terms of the ionic 
hypothesis, suggest that the sodium conductance in the active membrane 
is reduced in the drug treated muscles. Thus, the suppression of the 
excitation and the amplitude of the action potential by the drugs 
tested appears to be related to a depression of the sodium ion per- 
meability of the active membrane of the muscle fibre. According to 
the "sodium hypothesis" in a sodium-deficient medium the depressant 
action of the anesthetics would be intensified, whereas such an effect 
should be antagonized by raising the concentration of sodium ions in 
the bathing medium. In the present investigation it has been shown 
that addition of excess sodium (170 mM) into the extracellular medium 
antagonized the depressant action of all the drugs tested on the rate 
of rise of the action potential (used as a measure for sodium inward 
current). These findings not only lend further support to the mech- 
anism of action (i.e. sodium depressant effect) proposed here for the 
drugs used in this study, but also substantiate the proposals made 
previously by some investigators for general CNS depressant drugs 
(44, 45, 46, 195). Nevertheless all have had to contend with the 
fact that in addition to producing this common pattern of general CNS 
depression, these drugs also produce other effects on the CNS which 
are unique to themselves or to only a few drugs with closely related 
structures. Thus even though a reduction in membrane permeability 
may account for the ability of anesthetics to block excitability, the 
exact mechanism by which the permeability is affected remains in many 
cases unknown. 

Consistent with the above discussion, are the findings of this 


study which show that the drugs investigated appear to depress gNa 
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in the active membrane through a variety of mechanisms. Thus drugs 
such as propoxyphene, methadone, morphine and meperidine appear to 
depress gNa via two mechanisms. Dextromethorphan, naltrexone, pro- 
caine and tetrodotoxin all decrease by a mechanism not involving 
opiate receptors. However, it is well established that tetrodotoxin 
blocks sodium channels from the external aspect of plasma membranes 
(378) by an effect on a specific drug receptor and that procaine de- 
creases the sodium conductance by acting at the inner aspect of the 
plasma membrane (30, 31). Further local anesthetics in addition to 
their above site of action also expand membranes and increase mem- 
brane fluidity (42, 44, 58). Thus despite the fact that the final 
action of tetrodotoxin and procaine appear to be identical, the re- 
spective mechanisms of action of these two drugs obviously differ. 
Similar arguments hold for the other drugs tested. Naloxone in high 
concentrations decreases §GNa and this depression in excitability can 


be antagonized by naltrexone. This indicates that naloxone is not a 


"nure" antagonist but rather a partial agonist because it can have at 


different concentrations, either an agonist (stimulating), or an 


antagonist effect by acting on a single type of drug receptor. 


In addition in the present study it was shown that the depressant 


effects produced by procaine, tetrodotoxin and dextromethorphan can 


not be antagonized by low concentrations of opiate antagonists. Fur- 


ther dextromethorphan in low concentrations does not antagonize the 
depressant effects of opiate agonists. This indicates that opiate 


antagonists do not produce a non-specific antagonistic effect to all 


excitability depressant drugs. These results are consistent with the 


view that there are opiate drug "receptors", on sartorius muscle fibre 
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membranes and drug activation of these receptors inhibits action 
potential production. 

The drugs studied in this investigation could cause reduction of 
the sodium current by one or several of the following: (a) Membrane 
Expansion, (b) Membrane Fluidization, (c) Receptor-Mediated Process, 
and (d) Displacement of Membrane Calcium. Most likely all these 
effects occur simultaneously, and one or the other of these mechan- 
isms may dominate in a particular system. 

Many investiga tosia(55 066+) 602 909 5 u74em/ Seas) Oe) ei Ones OOS 
Se Boos, LO lion LiOse 113 eed od, B04 61.68 wal 2oe SZ hh9S s) O4eal OS, 
196) have demonstrated that opiates exert their effects via inter- 
action with opiate receptors. This investigation has furnished simi- 
lar evidence. Extracellular studies showed that propoxyphene, metha- 
done, morphine and meperidine produced excitability depressions that 
can be antagonized by low concentrations of naloxone or naltrexone. 
It was also shown that antagonistic concentrations of naltrexone can 
antagonize the agonistic effects of high concentrations of naloxone 
but that antagonistic concentrations of naloxone can not antagonize 


the agonistic effects of high concentrations of naltrexone. These 


results indicate that naloxone is a drug with both agonist and antago- 


nist effects whereas naltrexone appears to have only an antagonistic 
effect on the ‘opiate receptor' in frog's sartorius muscle membrane. 
Studies with intracellular microelectrodes indicated that mor- 
phine, methadone and propoxyphene block action potential production 
by two mechanisms, (i) a non-specific mechanism in which the increase 


in sodium conductance (gNa) and in potassium conductance (gK) are 
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depressed and, (ii) an opiate drug receptor-mediated mechanism, caus- 
ing a specific depression of gNa. Low, antagonistic concentrations 
of opiate antagonists antagonize only the effects produced by the 
second mechanism (ii). These results confirm the pattern of diphasic 
block first proposed for meperidine by Frank (56). These findings 
also confirm the previous contention (56, 194, 258, 259) that opiates 
produce their actions by both specific and non-specific effects. A 
possibility arises that if the muscles had been previously preincuba- 
ted with a low concentration (~ 10°/M) of Opiate antagonists that it 
would have been also possible to antagonize the initial phase of the 
biphasic depression, on addition of the agonists. Several such ex- 
periments were conducted by Frank (personal communication) for 
meperidine (3.5 x 1074 M) and naloxone (3 x 1077 M). Frank found 
that the decreases in the maximum rate of rise induced by meperidine 
were similar whether the muscles were preincubated by naloxone 

or not. As shown in Figure 39, even at antagonist doses naloxone 
depresses the maximum rate of rise and preincubating with naloxone 
would have further confused the issue. Further as shown in Figures 
21 and 38, the antagonistic effect of opiate antagonists does not 
become apparent until 90 minutes (Figure 21) and 30 minutes (Figure 
38) after the antagonists are added. This antagonism occurs at a 
time when the second phase of the biphasic depression in the maximum 
rate of rise is developing and is consistent with the conclusion that 
the antagonists only antagonize the receptor mediated depression 
(phase II of the biphasic depression). 


In contrast to the biphasic depression produced by opiate ago- 
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nists it was found that high concentrations of naloxone (10°3M) or 
naltrexone (.1074M) inhibit the maximum rate of rise ina monophasic 
fashion. Only the effects of naloxone can be antagonized by concom- 
itantly employing low concentrations of the other opiate antagonist. 
This confirms the results of the extracellular technique and gives 
support to the possibility that naloxone is a partial agonist. Such 
a possibility might coincide with the findings of other investigators 
(383). The definition of a partial agonist according to Ariens 
theory of "competitive dualism in action" is that such compounds 
possess intermediate intrinsic activity. On addition of a partial 
agonist to an organ which is in contact with a dose of a related 
compound, with a higher intrinsic activity, the partial agonist should 
competitively displace the full agonist from the receptors. When the 
partial agonist is added in a high enough concentration all receptors 
will be occupied by it and the effect becomes equal to the maximum 
effect of the partial agonist. 

However our results with naloxone are at variance with this 
definition. Naloxone in low doses (.107/M) antagonized opiate agonist 


effects, yet at high doses acted as an agonist. Further increases in 


the concentration of naloxone served to increase its agonistic effects. 


At high concentrations (~1073M) the agonistic effects of naloxone 
paralleled those of opiate agonists. Earlier studies by Frank (196) 
and Frazier et al. (194, 359) had shown that the effects of opiate 
antagonists in high concentrations added on to the effects of opiate 


agonists. The results of this thesis and those of Frank and Frazier 


et al. are clearly in disagreement with the above theory of Ariens. 
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These results are more in agreement with Martin's theory of Receptor 
Dualism (155). This theory states that there are two "analgesic" 
receptors, one where full agonists act and partial agonists act as 
competitive antagonists and the other where agonists are inactive 
and partial agonists are agonists. Although these receptors are 
distinguishable they must have very similar stereochemical configura- 
tions. 

As stated earlier opiate agonists produce a biphasic decline in 
the maximum rate of rise of the action potential in frog sartorius 
muscle. In this study, of the two inhibitory effects on gNa pro- 
duced by opiate agonists only the second phase can be antagonized by 
low concentrations of opiate antagonists. Thus during the initial 
phase opiate agonists produce a non-specific local anestheticlike 
effect on the active electric characteristics of the membrane. An 
obvious explanation for the time course of the second phase is that 
the receptor sites for this mechanism are located on the inner sur- 
face of the plasma membrane and that the agonist molecules attached 
to these receptor sites are in equilibrium with the drug concentration 
in the myoplasm. Thus the proportion of receptor sites occupied by 
agonist molecules would be determined by the sarcoplasmic concentra- 
tion of the opiate agonists. There would be no effect produced by 
this mechanism until a 'threshold' sarcoplasmic concentration is 
reached. Characteristically, drug dose-response curves are S-shaped 
and so even after the threshold concentration is obtained, only a 
small effect would be produced until the steep portion of the dose- 
response curve is reached. Thereafter there would be a large in- 


crease in effect for each small increase in sarcoplasmic drug con- 
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centration. 

In different studies, on exposure of the muscles to single "low 
antagonistic" concentrations of naloxone or naltrexone, the antago- 
nistic effect changes to an agonistic effect. This presumably is due 
to the fact that the intracellular concentration of these drugs is 
“building up" during this time. This also suggests that the opiate 
receptors are located on the intracellular surface of the muscle 
membrane. Intracellular locations of opiate receptors have also been 
proposed by other investigators (56, 193, 194, 384). 

However, alternative explanations for the location of the opiate 
'receptor' in this study are possible. Thus it is conceivable that 
the biphasic pattern observed in the present studies is due to the 
migration of receptors from intracellular to extracellular loci. 
Alternatively, the biphasic pattern may be due to conformational 
changes or increased cooperativity that could be developing between 
"receptor protomers". Some workers (76) have indicated that the 
opiate receptor should be extracellular in order to be accessible to 
the endogenous ligands, which are known to be peptides of relatively 
large size and therefore not expected to pass through cell membranes, 
unless there is a specialized uptake system. Supporting this conclu- 
sion are the results of Hitzeman and Loh (140), who showed that after 
tryptic digestion of nerve ending particles, the stereospecific opiate 
binding is eliminated. This indicates that the stereospecific opiate 
binding site is probably located on the external surface of the nerve 
ending particles. 

This dichotomy regarding the cellular distribution of opiate 


receptors may be resolved by proposing that the opiate receptor 
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could conceivably be a "transmembrane stud". However, it is more 
likely that the conflicting conclusions exist because of species or 
tissue differences. Further, the opiate receptors being studied by 
different investigators may not all be identical; i.e. there may 
exist a heterogeneous group of opiate receptors each mediating the 
different effects of opiates in different tissues under different 
conditions. Such an idea is currently being entertained by an ever 
increasing number of investigators (297, 298, 345, 346, 347, 348, 
386) . | 

The fact that opiates mediate their effects by interaction with 
opiate receptors does not invalidate the concept that CNS depressants 
act by inhibiting mainly the sodium conductance because this inhibi- 
tion could occur as a consequence of or subsequent to the inter- 
action of opiates with their "receptors". The receptors may be 
closely associated with or be part of the ionic channels. The precise 
relationships between these receptors and the ionic channels remains 
elusive at the present time. It is possible that opiates induce a 
conformational change in the receptors and this in some way effects 
the "ion conductance modulator" and thus the permeating channel. 

The common denominator between all the drugs studied in this 
investigation is that they all inhibit the Na* conductance Anay librors 
yet many of these drugs have different pharmacological profiles in 
vivo. It is possible that the different categories of drugs may 
reflect different membrane sites of attachment or action (some drugs 
may even act by several different mechanisms) resulting in different 
final pharmacological efficacies or intrinsic activities. For example, 


the opiates may act deep within the substance of the cell membrane 
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affecting the Na” channel relatively slowly - inefficiently, pro- 
caine may not only act deep inside the membrane but also act at the 
outer aspect and also within the membrane and tetrodotoxin conceivably 
attaches directly to the Na” channel and so has the highest efficacy. 
Supporting such a concept is the work of Craviso and Musacchio (141) 
who showed that the opiate receptor is not related to or part of the 
TTX or local anesthetic "receptors". 

The results of this study indicate that there are opiate drug 
receptors located on the inner surface of the muscle membrane, 
associated with the 'sodium channels' and that drug activation of 
these receptors interferes with the opening of the ‘sodium channels' 
normally produced by membrane depolarization. 

A technical difficulty encountered is the lack of a clear cut 
distinction between the local anestheticlike and opiate receptor 
effects of the drugs studied. All opiate agonists studied exhibited 
these dual properties. This problem was further compounded by the 
finding that the local anestheticlike effect preceded the opiate 
receptor effect. If high doses of opiate agonists were employed the 
local anesthetic effect completely blocked excitability before the 
opiate receptor effect occurred. If low concentrations were empioyed 
the local anestheticlike and opiate receptor effects merged and both 
appeared to develop at the same rate. Also the time course of the 
latter study was greatly prolonged. 

The findings of this thesis that there are opiate receptors on 
skeletal muscle contradict the reports of Pert et al. (118) who found 


that opiate receptors were confined only to nervous tissue. As 
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outlined in the introduction, binding studies have many drawbacks. 
For instance in many binding studies involving the brain, the cere- 
bellum is routinely discarded because it possesses no binding sites 
(100). Yet studies with other techniques e.g. microiontophoresis, 
and local application have shown that the cerebellum does possess 
Opiate receptors (352). Also, the amygdala has been shown to possess 
one of the highest density of binding sites in the brain, yet it is 
insensitive to local application of opiates (132). Further a recent 
report (386) has shown that enkephalins are present in the cerebellum 
of rats. Another group of investigators (387) has demonstrated that 
enkephalins act directly at or within smooth muscle cells. Such dis- 
crepancies cast serious doubts on the conclusions of some binding 
studies and provide caution to future investigators who may attempt 
to reach conclusions, with results derived from such studies. 

The lack of correspondence between the concentrations of opiates 
employed in this study and those employed clinically could be due the 
existence of different groups of opiate receptors. Martin (346) and 
Lord et al. (348) have demonstrated the existence of heterogeneous 
opiate receptors on various tissues. The lack of correspondence 
could also be attributed to the differences in pharmacokinetics that 


exist in vivo and 1 


VCO. 


Finally it should be pointed out that the greater than 100% of 
maximum control compound action potential amplitude observed here in 
some of the extracellular experiments was probably an artifact of the 
bipolar extracellular recording system. Since the amplifier records 


the difference in the electrical potential occurring at the two 
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recording electrodes 2 mm apart, a decrease in conduction velocity 
will tend to increase the potential recorded and if simultaneously 
the amplitudes of the action potentials in the individual muscle 
fibres are at or near control values the maximum amplitude of the 
extracellularly recorded compound action potential would be greater 
than the control (196). This explanation is supported by subsequent 
results obtained using intracellular microelectrodes. None of the 
drugs studied, either alone or in combination, ever increases the 
amplitude of the intracellularly recorded action potentials in 


individual muscle fibres. 
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VII. SUMMARY AND CONCLUSIONS 
1. The effects of some central depressants (morphine, methadone, 
Propoxyphene, meperidine, naltrexone, naloxone, dextromethorphan, 
tetrodotoxin and procaine) on certain features of the active membrane 
related to sodium conductance in skeletal muscle were examined. 
2. Studies with extracellular electrodes showed that increasing 
concentrations of these drugs caused a progressive depression of 
both the amplitude of the compound action potential and the excit- 
ability of the muscle fibres. 
3. With all the drugs studied, the depressed responses were rever- 
sed to the control level when the preparation was brought back to the 
normal Ringer's fluid. 
4. Intracellular recordings showed that the resting membrane poten- 
tial remained essentially unchanged in the drug treated muscles. 
5. The maximum rate of rise of the action potential was decreased 
by all the drugs. For propoxyphene, methadone, morphine and meperidine 
this effect was antagonized by increasing the extracellular sodium 
concentration or by having present in the bathing medium, low con- 
centrations of opiate antagonists (e.g. naloxone or naltrexone). High 
concentrations of naloxone and naltrexone also depressed the maximum 
rate of rise. This effect could be antagonized for naloxone only by 
having present in the bathing medium, low concentrations of the other 
opiate antagonist (naltrexone). The depressant effect of procaine, 
tetrodotoxin and dextromethorphan on these parameters could not be 
antagonized by low concentrations of opiate antagonists but could be 
antagonized by increasing the extracellular sodium concentration. 


6. The results of this study suggest that the central depressant 
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agents studied, block electrical excitability of the sartorius muscle 
of the frog, by suppressing the specific increase of sodium conduc- 
tance, which normally follows depolarization of the fibre membrane. 
7. Naloxone and naltrexone behaved as antagonists at low concentra- 
tions (1078 - 10-7M) but as agonists at high concentrations (1074 - 
1073M). The latter contradicts reports in the literature (108) which 
Suggest that these opiates are 'pure' antagonists. Our results 
indicate that both naloxone and naltrexone are probably partial ago- 
nists with a very low intrinsic activity. 

8. Opiate agonists (e.g. morphine, methadone and propoxyphene) pro- 
duced a biphasic depression in the maximum rate of rise, similar to 
that of meperidine (56). Only the second component of this biphasic 
depression, which is probably due to a specific depression in gNa 
could be antagonized by low concentrations of opiate antagonists. 

The first component which also is elecited by procaine, could not be 
antagonized by opiate antagonists. 

9. It is suggested that although the depressant effects of opiates 
and procaine appear to be identical, they are in fact mediated by two 
different mechanisms. Opiates mediate some of their depressant ef- 
fects via interaction at specific opiate "receptors", whereas pro- 
caine, tetrodotoxin and dextromethorphan probably mediate their 
effects through other means. 

10. The physiological role of the opiate receptors on frog sartorius 


muscle membrane, remains elusive. 
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11. Results of this investigation suggest that the 'receptor' sites 
for the opiates under investigation are located on the inner surface 
of the plasma membrane. 

12. An overall impression gained from the results of this investiga- 
tion is that there are opiate drug 'receptors' located on the inner 
surface of the muscle membrane associated with the ‘sodium channels' 
and that drug activation of these receptors interferes with the open- 
ing of the "sodium channels" normally produced by membrane depolar- 


ization. 
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FUTURE CONSIDERATIONS 

The results of this study suggest several avenues for future 
research. 

Since the conclusion of this thesis is that the opiate receptors 
on frog sartorius muscle are intracellular, quaternary opiates could 
be employed to test this contention. Such studies may be supple- 
mented with microiontophoretic application of opiates to either side 
of the plasma membrane. Another possibility that could be explored 
is the use of immunoflourescence. Immunohistochemical studies have 
been employed in the CNS to determine the cellular location of opiate 
receptors. 

Lanthanum ilies) has been shown to substitute for, and calcium 
(Cas) to antagonize the effects of opiates in the CNS. It would thus 
be interesting to see whether these effects also occur in the sartorius 
muscle. If so, then other important studies, like the interaction 
between naloxone and tame Ca** and La” and Can and naloxone will 
have to be conducted. 

Endorphins have been shown in the CNS to substitute for and mimic 
the effects of opiates. These drugs should be radiedian the sartorius 
muscle particularly their interaction effects with opiate agonists, 
antagonists, Ca”” and ide ee 

Another approach that merits investigation is to study the effects 
of pairs of optical isomers of both opiate agonists and sites, 
This should shed more light on the stereospecifity of the opiate re- 
ceptor on frog sartorius muscle. 

Since calcium is known to be intimately involved in some of the 


effects of opiates another interaction worth studying would be that 
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between opiates, calcium, calcium antagonists and calcium jonophores. 


10. 
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